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ABSTRACT 

T h e  g o a l  of  t h i s  p r o g r a m  was t o  d e m o n s t r a t e  t h a t  B 

d i c h l o r o s i l a n e  based r e d u c t i v e  c h e m i c a l  vapor  d e p o s i t i o n  (CVD)  

p r o c e s s  is  c a p a b l e  o f  p r o d u c i n g  a h i g h - p u r i t y ,  l o w - c o s t  
p o l y c r y s t a l l i n e  s i l i c o n .  P h y s i c a l  f o r m  a n d  P u r i t y  of t h i s  
m a t e r i a l  was t o  be c o n s i s t e n t  w i t h  F S A  Yater ia l  r e q u i r e m e n t s  f o r  
manufac tur ing  h igh  e f f i c i e n c y  solar cells .  

The f e a s i b i l i t y  phase (3hase l) provided  i n f o r m a t i o n  through 
l a b o r a t o r y  e x p e r i m e n t s  r e l a t i n g  t o  t h e  k i n e t i c s  of  t r i c h l o r o -  
s i l a n e  r e d i s t r i b u t i o n ,  c a t a l y s t  b e h a v i o r ,  a n d  d e c o n p o s i t i o n  
c h a r a c t e r i s t i c s  of  d i c k l o r o s i l a n e .  O f  p a r t i c u l a r  i m p o r t a n c e ,  
Dowe@ MWA-1 was shown t o  be a n  e f f e c t i v e  r e d i s t r , b u t i o n  c a t a l y s t  

a t  moderate  t e m p e r a t u r e s  and very  few r e a c t o r  related o p e r a t i o n a l  
problems were observed d u r i n a  d i c h l o r o s i l a n e  decoxriposition. 

The d e m o n s t r a t i o n  p h a s e  ( P h a s e  2) e v a l u a t e d  t e c h n o l o g y  
d e v e l o p e d  d u r i n g  P h a s e  1 a t  a d i c h l o r o s i l a n e  p r o d u c t i o n  a n d  
d e c o m p o s i t i o n  s c a l e  s u f f i c i e n t  t o  a l l o w  s c a l e - u p  f o r  t h e  
Exper imenta l  P rocess  System Development Unit  (EPSDU). C a t a l y s t  
l i f e ,  p o l y s i l i c o n  d e p o s i t i o n  r a t e ,  a n d  p r o d u c t  p u r i t y  were 
e s t a b l i s h e d  as  a c c e p t a b l e  i n  a d d i t i o n  t o  d e f i n i n g  p r o c e s s  
l i m i t a t i o n s ,  

A n  economic a n a l y s i s  was completed f o r  a 1000 metric t o n  per 
y e a r  c o m m e r c i a l  f a c i l i t y  c s i n q  Hemlock  S e m i c o n d u c t o r ' s  
P o l y s i l i c o n  P r o c e s s  Based  On C h e m i c a l  Vapor D e p o s i t i o n .  T h i s  
a n a l y s i s  i n d i c a t e d  t h a t  p o l y c r y s t a l l i n e  s i l i c o n  of semiconductor  
q u a l i t y  c o u l d  be p r o d u c e d  a t  a p r i c e  of $20.27 p e r  k i l o g r a m .  
(1980 d o l l a r s ,  1 0 %  ROI). 
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1.0 Summary 
T h i s  f i n a l  r e p o r t  d e s c r i b e s  a p r o c e s s  f o r  t h e  l o w - c o s t  

p r o d u c t i o n  of  p o l y c r y s t a l l i n e  s i l i c o n  f r o m  d i c h l o r o s i l a n e  v i a  
r e d u c t i v e  chemical vapor d e p o s i t i o n  (CVD). The d i c h l x o s i l a n e  is 
generated from t h e  c a t a l y z e d  r e d i s t r i b u t i o n  of t r ich loro . :  *- e . 
The by-product s i l i c o n  t e t r a c h l o r i d e ,  is conve r t ed  t o  t. . ' d o r  
s i l a n e  v i a  h y d r o g e n a t i o n .  O b j e c t i v e s  o f  P h a s e  1 wert. t o  
d e m o n s t r a t e  t h e  f e a s i b i l i t y  of u s i n g  d i c h l o r o s i l a n e  as a CVD 

r e a c t o r  f e e d  m a t e r i a l  a n d  t o  u t i l i z e  b a s e  c a t a l y z e d  
r e d i s t r i b u t i o n  o f  t r i c h l o r o s i l a n e  t o  p r o d u c e  h i g h - p u r i t y  
d i c h l o r o s i l a n e .  A r e v i e w  of d i c h l o r o s i l a n e  c h e m i s t r y  w i t h  i t s  
r e l e v a n t  a d v a n t a g e s  o v e r  t h e  e x i s t i n g  S i e m e n ' s  p o l y c r y s t a l l i n e  
s i l i c o n  p r o c e s s  are discussed.  

summarized a s  f o l l o w s :  
S p e c i f i c  t asks  were accomplished du r ing  Phase  1 and can be 

Labora tory  k i n e t i c  e v a l u a t i o n  completed of t h e  g a s  a n d  
I. i q u i t  phase r e d i s t r i b u t i o n  pr  messes. 

S a f e t y  r e l a t e 6  haza rds  a s s o c i a t e d  w i t h  t h e  p roduc t ion  
and d e c o n p o e i t i a n  of d i c h l o r o s i l a n e  were i d e n t i f i e d .  

DCS decomposi t ion c o n d i t i o n s  e v a l u a t e d  w i t h i n  o p e r a t i n g  
limits of a small e x p e r i m e n t a l  r e a c t o r .  

Decomposition c o n d i t i o n s  were o p t i m i z  ?d v j  a a two-level  
e x p e r i m e n t a l  d e s i g n  a n d  c h a r a c t e r i z e d  v e n t  p r o d u c t  
composi t ion.  

Designed, c o n s t r u c t e d  and s t a r t e d - u p  t h e  d i c h l o r o s i l a n e  
P rocess  DevelopmenL Uni t  (PDU) . 
P r e ' i m i n a r y  d e s i g n  of a 2 2 0  m e t r i c  t o n  p e r  y e a r  
E x p e r i m e n t a l  P r o c e s s  S y s t e m  Development  U n i t  (EPSDU)  

was completed. 

1 



P h a s e  2 p r o j e c t  o b j e c t i v e s  encompassed  t h e  e v a l u a t i o n  of  
t e c h n o l o g y  d e v e l o p e d  d c r i n g  P h a s e  1 a t  a r e a c t o r  s c a l e  
a p p r o a c h i n g  t h s t  a n t i c i p a t e d  i o r  t h e  EPSDU. D e m o n s t r a t i o n  of 
t h i s  t e c h n o l o g y  o c c u r r e d  o n  a p r o d u c t i o n  s c a l e  b a s i s .  
P e r f o r m a n c e  h i g h l i g h t s  f o r  d i c h l o r o s i l a n e  p r o d u c t i o n  a n d  
decomposi t ion  are summarized below: 

T h e  d i c h l o r o s i l a n e  P r o c e s s  D e v e l o p m e n t  U n i t  was 
o p e r a t e d  a t  a ra te  of 500,000 pounds p e r  year.  

Eva lua t ion  of bo th  a 3" and 5" diameter r e d i s t r i b u t i o n  
r e a c t o r  was completed. 

D i c h l o r o s i l a n e  decomposi t ion  was e v a l u a t e d  i n  a n  in te r -  
mediate s i z e d  CVD r e a c t o r .  

E v a l u a t i o n  of m i x t u r e s  of dichlorosilane/trichloro- 
s i l a n e  a n d  d i c h l o r o s i l a n e / s i l i c o n  t e t r a c h l o r i d e  a s  
r e a c t o r  f e e d s t o c k  was completed. 

P o l y c r y s t a l l i n e  s i l i c o n  was p r o d u c e d  t h a t  m z t  o r  
exceeded p h o t o v o l t a i c  i n d u s t r y  r equ i r emen t s .  

A n  economic  a n a l y s i s  of t h e  1 0 0 0  me t r i c  t o n  pe- 1'' 'i 

p l a n t  was corr,yleted. 

S i g n i f i c a n t  p r o g r e s s  was made d u r i n g  t h e  33 m o n t h s  Hemlock 
S e m i c o n d u c t o r  was under  c o n t r a c t .  Work was t e r m i n a t e d  b e f o r e  
p rocess  o p t i m i z a t i o n  on a p roduc t ion  m a l 2  : e a c t o r  system could 
be  a c c o m p l i s h e d .  The  economic  e v a l u a t i o n  i n d i c a t e s  t h a t  t h e  
o r i g i n a l  J P L  p r i c e  t a r g e t  of $14/kg  i n  1980  d o l l a r s  c a n n o t  be 
achieved  u s i n g  DCS decomposition i n  q u a r t z  r e a c t o r s .  

2 



2.0 I n t r o d u c t i o n  
2.1 Program O b j e c t i v e s  

The o b j e c t i v e  of t h i s  program was t o  demons t r a t e  t h a t  a 
d i c h l o r o s i l a n e  based chemical vapor d z p o s i t i o n  (CVD) p r o c e s s  can 
p r o d u c e  i n  h i g h  volume a l o w - c o s t  p o l y c r y s t a l  l i n e  s i l i c o n .  
P r o d u c t  q u a l i t y  b o t h  i n  t e r m s  of p u r i t y  a n d  f o r m  s h o u l d  be 
comparable t o  m a t e r i a l  produced by t h e  e x i s t i n g  t r i c h l o r o s i l a n e  
CVD p rocess ,  which meets OK e-. :eede requ i r emen t s  f o r  use i n  t h e  
manufacture of high-ef f i c i e n c y  SOiai cells. 

T h e  p l a n n e d  o v e r a l l  p rog ram c o v e r e d  a 33-month p e r i o d  a n d  
c o n s i s t e d  of a f e a s i b i l i t y  p h a s e  ( P h a s e  1 1 ,  a n  EPSDU d e s i g r , /  
e v a l u a t i o n  phase (Phase 2) I and an  EPSDU c c n s t r u c t i o n / d e n o n s t r a -  
t i o n  phase (Phase 3). Phase 2 a c t i v i t y  was i n t e g r a t e d  w i t h  Phase  
1 a c t i v i t y  t o  p r o v i d e  a c o n t i n u i n g  c o m p r e h e n s i v e  program.  
S p e c i f i c  

1. 

7 -.. 

3 .  

4. 

Phase 1 p r o j e c t  o b j e c t i v e s  inc luded:  
C h a r a c t e r i z a t i o n  of d i c h l o r o s i l a n e  a s  a f e e d r t o c k  
m a t e r i a l  for a n  e x p e r i m e n t a l  CVD r e a c t o r  i n c l u d i n s  
q u a n t a t i v e  de t e rmzna t ion  of red i on  product;;. 
Design and c o n s t r u c t i o n  of a d i c h l o r o s i l a n e  CVD r e a c t o r  
t o  d e m o n s t r a t e  d i c h l o r o s i l a n e  p e r f o r m a n c e  i n  a 
prod . c t i o n  s ize  r e a c t o r .  
D e s i g n ,  c o n s t r u c t i o n  a n d  s t a r t - u p  o f  a p r o c e s s  
develo: ,.ent u n i t  t o  c h a r a c t e r i z e  t h e  t r i c h l o r o s i l a n e  t o  
d i c h l o r o s i l a n e  r c d  i Ltr i b u t i o n  p rocess ,  de t e rmine  product  
p u r i t y ,  and produce s u f f i c i e n t  S i c h l s r o s l l a n e  t o  p e r m i t  
o p e r a t i o n  of a p roduc t ion  s i z e d  r e a c t o r .  
P r e p a r a t i o n  of p r e l i m i n a r y  d e s i g n  of a n  EPSDU b a s e d  on 
i n f o r m a t i o n  c o l l e c t e d  in. t h e  a r e a s  p r e v i o u s l y  described 
and  d e v e l o p  s u p p o r t i n g  i n f o r m a t i o n  f o r  an e c o n o m i c  
e v a l u a t i o n  of a 1000 m e t r i c  t o n  p l an t .  

Phase 2 encompassed t h e  e v a i u a t i o n  of technology developed 
d u r i n g  P h a s e  1 a t  a r e a c t o r  s c a l e  a p p r o a c h i n g  t h a t  a n t i c i p z t e d  
for t h e  EPSDU. Spec i f ic  Phase 2 projc-ct  o b j e c t i v e s  inc luded:  
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1. 

2.  

- 
3. 

4.  

M o d i f i c a t i o n  a n d  o p e r a t i o n  of two i n t e r m e d i a t e  s i z e d  
p roduc t ion  reactors  f o r  u s e  w i t h  d i c h l o r o s i l a n e .  
O p e r a t i o n  o f  DCS-PDU a n d  d e c o m p o s i t i o n  r eac to r  u s i n g  
mixed c h l o r o s i l a n e  f e e d  (DCS/TCS/STC) 
M o d i f i c a t i o n  a n d  o p e r a t i o n  of a n  a d v a n c e d  r e a c t o r  f o r  
DCS decomposi t ion.  
C o n t i n u e d  u p d a t i n g  of  t h e  1 0 0 0  MT/Y p l a n t  d e s i g n  a n d  
e c o n o m i c  e v a l u a t i o n  based  3n  i n f o r m a t i o n  c o l l e c t e d  i n  
t h e  e x p e r i m e n t a l  p r o g r a m ,  a n d  d e t a i l e d  e n g i n e e r i n g  
d e s i g n  f o r  t h e  EPSDU, 

The g e n e r a l  a p p r o a c h  t a k e n  i n  m e e t i n g  t h e  o v e r a l l  p r o g r a m  
o b j e c t i v e  is d i s c u s s e d  i n  S e c t i o n  2.2. A b r i e f  o v e r a l l  process  
d e s c r i p t i o n  is c o n t a i n e d  i n  S e c t i o n  2.3 a l o n 5  w i t h  a d i c s u s s i o n  
of r e l e v a n t  chemis t ry .  Techn ica l  a s p e c t s  and  p r o g r e s s  i n  meet ing  
t h e  o b j e c t i v e s  i n  t h e  basic areas are d i s c u s s e d  i n  S e c t i o n  3.0. 

2.2 Program Approach 
C h e m i c a l  vapor  d e p o s i t i o n  ( C V D )  o f  h i n h  p u r i t y  

p o l y c r y s t a l l i n e  s i l i con  from a c h l o r o s i l a n e  f e e d s t o c k  f o r m s  t h e  
basis of t h e  e n t i r e  semiconductor-grade p o l y c r y s t a l l i n e  s i l i c o n  
i n d u s t r y .  T h e s e  processes,  u t i l i z i n g  t r i c h l o r o s i l a n e  a s  a n  
i n t e r m e d i a t e  mater ia l  ( f e e d s t o c k  f o r  C V D ) ,  c u r r e n t l y  p r o d u c e  
material qf proven q u a l i t y  t h a t  meets t h e  demanding needs  of t h e  
e l e c t r o n i c s  i n d u s t r y  a s  well as  t h e  e m e r g i n g  p h o t o v o l t a i c  
i ndus t ry .  P rocess  improvemente coupled  w i t h  expanding c a p a c i t y  
have  r e s u l t e d  i n  a s t e a d i l y  d e c l i n i n g  p o l y c r y s t a l l i n e  s i l i c o n  
p r i c e  i n  c o n s t a n t  d o l l a r s .  The i n d u s t r y  h a s  e s t a b l i s h e d  a 
technology base s u f f i c i e n t  t o  p e r m i t  r a p i d  c o m m e r c i a l i z a t i o n  of a 
c h l o r o s i l a n e  based process .  The i n a b i l i t y  of t h e  c u r r e n t  poly-  
c r y s t a l l i n e  s i l i c o n  p r o c e s s  t o  meet t h e  g o a l s  of  t h e  D O E / J P L  
program is a mat te r  of h i g h  m a n u f a c t u r i n g  c o s t s :  no t  p r o d u c t  
q u a l i t y  or raw materials a v a i l a b i l i t y .  
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Cons ide r ing  t h i s  shor tcoming a l c n g  w i t h  t h e  m a t u r i t y  of t h e  
c u r r e n t  p r o c e s s  a n d  t h e  a b i l i t y  o f  i t s  p r o d u c t  t o  meet r equ i r e -  
m e n t s  for h i g h  e f f i c i e n c y  c e l l  m a n u f a c t u r e ,  i n n o v a t i o n s  t h a t  
cou ld  s i g n i f i c a n t l y  reduce p roduc t  c o s t  wer = eva lua ted .  The HSC 

l o w  c o s t  p r o c e s s  for t h e  p r o d u c t i o n  o f  h i g h  p u r i t y  p o l y -  
c r y s t a l l i n e  s i l i c o n  v i a  r e d u c t i v e  chemica l  vapor q e p o s i t i o n  from 
d i c h l o r o s i l a n e  is depicted i n  F i g u r e  1. T h i s  p r o c e s s  c o n s i s t s  of 
t h e  h y d r o g e n a t i o n  of s i l i c o n  k e t r a c h l o r i d e  i n  t h e  p r e z e n c e  of 
m e t a l l u r g i c a l - g r a d e  s i l i c o n  (Mg-Si) t o  p roduLs  t r i c h l o r o s i i s n e ,  
s y n t h e s i s  of d i c h l o r o s i l a n e  r e d i s t r i b u t i o n  o f  
t r i c h l o r o s i l a n e ,  chemica l  vapor  decompbsi t ipn  of d i c h l o r o s i l a n e  
t o  produce p o l y c r y s t a l l i n e  s i l i c o n ,  and r s c o v e i y  bf decomposi t ion  
b y - p r o d u c t s .  S i l i c o n  t e t r a c h l o r i d e ,  a m a j o r  t y - s r o d u c t  of 
t r i c h l o r o s i l a n e  r e d i s t r i b u t i o n  a n d  m i n o r  b y - p r o 5 : i c t  of 
d i c h l o r o s i l a n e  decomposi t ion ,  is r e c y c l e d  i n t o  t h e  hydrogenht ion  
p r o c e s s .  A l s o  shown i n  F i g u r e  1 a r e  t h e  d i s t i l l a t i o n  p r o c e s s k s  
r e q u i r e d  for  c h l . o r o s i l a n e  s e p a r a t i o n / p u r  i f  i c a t i o n .  

The on ly  by-product shown as n o t  be ing  r e c y c l e d  i n  F i g u r e  1 
is hydrogen c h l o r i d e .  T h i s  material r e p r e s e n t s  a r e l a t i v e l y  low 
volume stream and may be so13 as a by-product. 

The HSC process  addres ses  t h e  s h o r t c o m i n g s  of t h e  c L - r e n t  
t r i c h l o r o s i l z e  p r o c e s s  by: 

1. Use of d i c h l o r o s i l a n e  a s  a feed  m a t e r i a l  f o r  t h e  CVD 
p r o c e s s .  D i c h l o r o s i l a n e  decomposes  more r e a d i l y  t h a n  
t r i c h l o r o s i l a n e ,  r e s u l t i n g  i n  h i g h e r  d e p o s i t i o n  
ratesO1t2t3 I n c r e a s e d  d e p o s i t i o n  ra tes  reduce l a b o r  and 
c a p i t a l  c o s t s .  D i c h l o r o s i l a n e  a l s o  produces  l e s s  v e n t  
material, t h e r e b y  reducing  c a p i t a l  associated w i t h  t h e  
recovery  system. 

2. H y d r o g e n a t i o n  of  Mg-Si  a n d  S i c 1 4  t o  p r o d u c e  
t r i c h l o r o s i l a n e .  T h i s  p r o c e s s  accommodates t h e  l a r g e s t  
b y - p r o d u c t  s t r e a m  a s s o c i a t e d  w i t h  t h e  e x i s t i n g  
t r i c h l o r o s i l a n e - b a s e d  CVD p r o c e s s  a n d  t h e  l a r g e s t  by- 
p roduc t  stream of a d i c h l o r o s i l c q e - b a s e d  p rocess .  Work 

done a t  Dow Corning Corpora t ion ,  and  under J P L  c o n t r a c t s  
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by Union Carb ide  Corpora t ion ,  Massachuse t t s  I n s t i t u t e  of 
Techno logy ,  a n d  S o l a r e l e c t r o n i c s ,  i n d i r a t e s  t h a t  t h e  

hydrogenat ion  p r o c e s s  can  produce t r i c h l o r o s i l a n e  c o s t -  

3 .  Improved CVD r e a c t o r  design. In a d d i t i o n  t o  changes i n  
CVD r e a c t o r  f eeds tock ,  reactcr o p t i m i z a t i o n  i s  required 
t o  f u r t h e r  i n c r e a s e  d e p o s i t i o n  r a t e  a n d  reduce power  
consumption. Hemlock Semiconductor ,  w i t h  i ts y e a r s  of 
experien:e i n  r e d u c t i v e  chemical vapo; 6 e p o s i t i o n  us ing  

t r i c h l o r o s i l a n e  a s  a n  i n t e r m e d i a t e ,  h a s  d e v e l o p e d  
e x p e r i m e n t a l  r e a c t o r  conf  i q u r a t i o n s  t h a t  s h o u l d  meet 
d e p o s i t i o n  r e q u i r e m e n t s  f o r  a low c o s t  r e d u c t i v e  CVD 

p rocess .  

e f f e c t i v e l y .  4,5,6,7 

2.3 P r o c e s s  D e s c r i p t i o n  
2.3.1 Relevant  Chemistry 

T h e  c h e m i s t r y  i n v o l v e d  i n  t h e  low c o s t  
d i c h l o r o s i l a n e  CVD p r o c e s s  is r e l a t i v e l y  w e L  e s t a b l i s h e d ,  as is 
t h e  s u p p o r t i n g  t e c h n o l o g y .  Basic p r o c e s s e s  required f o r  t h e  
c o s t - e f f e c t i v e  p roduc t ion  of p o l y s i l i c o n  v i a  t h e  decomposi t ion of 
d i c h l o r o s i l a n e  inc lude :  

d r o u m  . p f l k W A u i ~ a l G & -  - aLiasiliconTetrachloride . .  
L Sic14 + E32 + Si-HSiC13 (+ H2 + Sic141 

C a t a l y s t  
H S i C 1 3 +  H2SiC12 + Sic14 

The aDove e q u a t i o n s  a r e  w r i t t e n  o n l y  q u a l i t a t i v e l y  s i n c e  e x a c t  
r e a c t i o n  p r o d u c t s  a r e  t e m p e r a t u r e  a n d  c o m p o s i t i o n  d e p e n d e n t .  
Relevant  p o i n t s  r ega rd ing  t h e  advan tages  and l i m i t a t i o n  of these  

r e a c t i o n s  are  now discussed.  
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HYDROGENATION OF METALLURGICAL-GRADE SILICON 

AND SILICON TETRACHLORIDE 

The s u b s t a n t i a l  amount  of  s i l i c o n  t e t r a c h l o r i d e  w h i c h  i s  
g e n e r a t e d  i n  t h e  r e d i s t r i b u t i o n  a n d  d e c o m p o s i t i o n  p r o c e s s  
requires a means of r e c y c l i n g  t h e  material and/or  c o n v e r t i n g  it 
i n t o  a more u s e f u l  mcterial. Such r e a c t i o n s  were n o t  e x p l o r e d  
under t h i s  c o n t r a c t ;  however, Union Carbide Corpora t ion  (UCC) h a s  
$emonst ra ted  t h e  f e a s i b i l i t y  o f  p r o d u c i n g  t r i c h l o r o s i l a n e  f r o m  
h y d r o g e n / s i l i c o n  t e t r a c h l o r i d e  m i x t u r e s  i n  a h i g h - p r e s s u r e  
s i l i c o n  f l u i d i z e d  bed reactor  o p e r a t i n g  i n  t h e  v i c i n i t y  of 
500OC.5 F u r t h e r  s t u d y  of  t h e  p r o c e s s  was c o n d u c t e d  by The 

HassachQset ts  I n s t i t u t e  of Techno logyC a n d  S o l a r e l e c t r o n i c s ,  
Inc. '  A l t h o u g h  t h e  y i e l d  of t r i c h l o r o s i l a n e  p r o d u c e d  by 
h y d r o g e n a t i o n  i s  e x p e c t e d  t o  be  less t h a n  30%. t h e  o n l y  by- 
p r o d u c t s  a re  unreac ted  hydrogen and s i l i c o n  t e t r a c h l o r i d e ,  which 
a r e  r e c y c l e d .  UCC, MIT, a n d  S o l a r e l e c t r o n i c s  were f u n d e d  for 
demons t r a t ing  technology r e a d i n e s s  of t h e  hydrogenat ion  process .  
E f f o r t s  i n  t h e  hydrogenat ion  area by Hemlock Semiconductor were 
n o t  w a r r a n t e d  u n t i l  r e a c t o r / r e a c t a n t  f e a s i b i l i t y  had  been 
e s t a b l i s h e d  and a p p l i c a b i l i t y  of t h e  UCC hydrogenat ion  p r o c e s s  t o  
t h l .  p r o j e c t  was establ ished.  

DICBLOROSILANE SYNTHESIS 

Cons ide rab le  e x p e r i e n c e  a t  Dow Corning,8 UCC5 and e l s e w h e r e  
h a s  demonst ra ted  t h e  preferred r o u t e  t o  d i c h l c r o s i l a n e  t o  be t h e  
acid 0'. base-ca ta lyzed  r e d i s t r i b u t i o n  of t r i c h l o r o s i l a n e .  

C a t a l y s t  
L SiHC13 - SiH2C12 + Sic14  

T h i s  p r o c e s s  is s u p e r i o r  t o  a "d i r ec t  p r o c e s s "  r e a c t : - -  of H C 1  
w i t h  s i l i c o n .  A w i d e  v a r i e t y  of s p e c i e s ,  i n c l u G i n r  nlmonium 
s a l t s ,  f r e e  amines,  phosphonium s a l t s ,  p h o s p h c r a  Les, a n d  
alum'-num c h l o r i d e  h a v e  b e e n  s h o w n  c a p a b l e  o f  c a t a l y z i n g  
rc d i s t r i b u t i o n  r e a c t i o n s  under m i l d  cond i t ions .  
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UCC h a s  d e m o n s t r a t e d  t h a t  a n  a m i n e - f u n c t i o n a l i z e d  o r g a n i c  
p o l y m e r i c  r e s i n  w i l l  c a t a l y z e  r e d i s t r i b u t i o n  of c h l o r o s i l a n e  
m i x t u r e s  a t  temperatures between 50-80°C. A similar  basic r e s i n ,  
Dowe* MWA-1, manufactured by The Dow Chemical Company has  been 
chosen 9s t h e  c a t a l y s t  fo r  t h i s  process .  The r e s i n  is a methyl- 
a m i n e  m o d i f i e d  o r g a n i c  po lymer  s u p p l i e d  a s  s p h e r i c a l  beads 

Equ i l ib r ium r e l a t i o n s h i p s  ammg c h l o r o s i l a n e s  are known from 
research c o n d u c t e d  a t  b o t h  Dow Corn ing*  a n d  Union C a r b i d e O S  A 

f u l l y  e q u i l i b r a t e d  s y s t e m  a t  8OoC w i t h  a C l / H  r a t i o  of  3 ( p u r e  
t r i c h l o r o s i l a n e  as  r e a c t a n t )  should  c o n s i s t  of ca. 11% dich lo ro -  
s i l a n e ,  12% s i l i c o n  t e t r a c h l o r i d e ,  (1% monochloros i lane ,  w i t h  t h e  
ba l ance  be ing  t r i c h l o r o s i l a n e .  

ve rag ing  0.4 m m  i n  diameter. 

REDUCTIVE CHEMICAL VAPOR DEPOSITION V I A  DICHLOROSILANE 

The p r i n c i p a l  advantages  of d i c h l o r o s i l a n e  w i t h  r e s p e c t  t o  
t r i c h l o r o s i l a n e  for r e d u c t i v e  chemica l  vapor d e p o s i t i o n  are  two- 
f o l d :  i t s  r e l a t i v e  i n s t a b i l i t y  b o t h  t h e r m o d y n a m i c a l l y  a n d  
k i n e t i c a l l y ,  and its lower  c h l o r i n e  conten t .  

I n  t h e r m o d y n a m i c  terms, d i c h l o r o s i l a n e  i s  a s u b s t a n t i a l l y  
better source  of s i l i c o n  t h a n  is t r i c h l o r o s i l a n e .  For i n s t a n c e ,  
a t  1070°C a n d  7 mole  % c h l o r o s i l a n e  ( i n  H2) a s  a r e a c t a n t ,  t h e  
t h e o r e t i c a l  t he rmodynamic  e q u i l i b r i u m  c o n v e r s i o n  of t r i c h l o -  
r o s i l a n e  and d i c h l o r o s i l a n e  i n t o  s i l i c o n  a r e ,  r e s p e c t i v e l y ,  40% 
and  65%.1 

A p e r s p e c t i v e  on e q u i l i b r i u m  r e l a t i o n s h i F s  between t h e  two 
c h l o r o s i l a n e s  is  p r e s e n t e d  i n  F i g u r e  2. T h e  f i g u r e  shows t h e  
C l / H  r a t i o  i n  t h e  r e a c t o r  feed stream ( a n d  v e n t ,  s ince  no  
hydrogen  or c h l o r i n e  i s  d e p o s i t e d  in t h e  r e a c t o r )  v e r s u s  t h e  
e q u i l i b r i u m  de termined  S i / C l  r a t i o  i n  t h e  v e n t  p r o d u c t s  ( t h a t  is, 
n o t  i n c l u d i n g  t h e  e l e m e n t a l  s i l i c o n  depos i t ed ) .  The f i g u r e  can 
be used t o  a s c e r t a i n  t h e  mole p e r c e n t  conve r s ion  i n t o  s i l i c o n  f o r  
a range of f e e d  compos i t ions  ( C l / H  r a t i o s ) ,  s i n c e  

Pe rcen t  convers ion  = (Si/Cl) i n  
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A t  a f e e d  of 1 0  mole p e r c e n t  d i c h l o r o s i l a n e  i n  82 and 1O5O0C, f o r  
example, t h e  C l / H  r a t i o  = -10, and: 

Conversion = (,50-.20)/.50 = 60 mole p e r c e n t  
A f u r t h e r  thermodynamic advantage of d i c h l o r o s i l a n e  r e l a t i v e  

t o  t r i c h l o r o s i l a n e  is i ts  l o w e r  , s e n s i t i v i t y  t o  i n c r e a s e s  i n  
r e a c t a n t  c o n c e n t r a t i o n ,  For t r i c h l o r o s i l a n e ,  doubl ing  t h e  mole 
p e r c e n t  of  r e a c t a n t  f r o m  7 t o  14 p e r c e n t  decreases t h e  p e r c e n t  
c o n v e r s i o n  i n t o  s i l i c o n  f r o m  40 t o  31 p e r c e n t .  D i c h l o r o s i l a n e  
s u f f e r s  p r o p o r t i o n a t e l y  less  f r o m  c o n c e n t r a t i o n  i n c r e a s e s ;  a n  
i n c r e a s e  f r o m  7 t o  14 p e r c e n t  C a u s e s  a n  e q u i l i b r i u m  c o n v e r s i o n  
decrease from 65  t o  o n l y  5 8  percent .  

S i n c e  e q u i l i b r i u m  c o n d i t i o n s  do n o t  i n  f a c t  p r e v a i l  i n  CVD 
p r o c e s s e s  a n t i c i p a t e d  f o r  a p p l i c a t i o n  i n  t h i s  program, t h e  above 
e q u i l i b r i u m  r e l a t i o n s h i p s  a re  modif ied by t h e  k i n e t i c  reali t ies.  
S e v e r a l  i n v e s t i g a t o r s  h a v e  d e m o n s t r a t e d  t h a t ,  under c o n d i t i o n s  
u s e d  f o r  e p i t a x i a l  d e p o s i t i o n ,  f o r m a t i o n  o f  s i l i c o n  f r o m  
d i c h l o r o s i l a n e  is c h a r a c t e r i z e d  by a lower  a c t i v a t i o n  energy than  
cor responding  f o r m a t i o n  from t r i c h l o r o s i l a n e ,  Typ ica l  v a l u e s  are 
13 a n d  22 k c a l / m ~ l e , ~ r ~ ~  r e s p e c t i v e l y ,  C o n d i t i o n s  u t i l i z e d  i n  
e p i t a x i a l  r e a c t o r s  t y p i c a l l y  i n v o l v e  s u b s t a n t i a l l y  l o w e r  mole 
p e r c e n t  c h l o r o s i l a n e  and f l o w  rates t h a n  p o l y s i l i c o n  p roduc t ion  
p r o c e s s  r e a c t i o n s .  H o w e v e r ,  r e c e n t  w o r k  by B a n  o f  R C A  

L a b o r a t o r i e s 2  h a s  b e e n  c o n d u c t e d  a t  m o l e  f r a c t i o n s  a n d  
t e m p e r a t n r e s  c o m p a t i b l e  w i t h  t h e  p o l y c r y s t a l l i n e  s i l i c o n  
p r o d u c t i o n  p r o c e s s .  Ban's work is  summar ized  i n  F i g u r e  3 ,  i n  
which  decomposi t ion rates f o r  d i c h l o r o s i l a n e ,  t r i c h l c - o s i l a n e  and  
s i l i c o n  t e t r a c h l o r i d e  a r e  p l o t t e d  v e r s u s  t e m p e r a t u r e .  I t  is  
e v i d e n t  f rom t h e  f i g u r e  t h a t  unde r  c o n d i t i o n s  i n  w h i c h  s i l i c o n  
t e t r a c h l o r i d e  and  t r i c h l o r o s i l a n e  a r e  f a r  f rom e q u i l i b r i u m  
c o n d i t i o n s ,  d i c h l o r o s i l a n e  h a s  achieved  equ i l ib r ium.  Yie lds  i n  
excess of e q u i l i b r i u m  v a l u e s  may be r e l a t e d  t o  n o n - e q u i l i b r a t i o n  
of  HC1 w i t h  t h e  e l e m e n t a l  s i l i c o n  i n  t h e  s y s t e m .  B a n ' s  work, 
a l o n g  w i t h  o t h e r  r e c e n t  r e l a t e d  work  i n d i c a t e s  t h a t  t h e  
a c t i v a t i o n  energy  fo r  decomposi t ion of d i c h l o r o s i l a n e  i n t o  

11 



1hroret ; to l  ond crpoirncntol e f f i c i e n c i e s  of drpo,it;on of 
silicon from SiCI:H:, LCI,H, ond S:Cl, in tcrnpcrolutc Intcr.01 of 
1000'-1300'K; CI/H = IO-' in  011 coscs. 

FIGURE 3. SILICON DEPOSITION EFFICIENCIES 
V .  Ban (Ref. 2 ) 
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s i l i c o n  is c o n s i d e r a b l y  less t h a n  t h a t  f o r  t r i c h l o r o s i l a n e  under 
a wide v a r i e t y  of cond i t ions .  

A d d i t i o n a l  s u p p o r t  f o r  a p p r o a c h i n g  e q u i l i b r i u m  i n  
~ ~ c h l o r o s i l a n e  s y s t e m s  comes f r o m  Union C a r b i d e  p a t e n t s  w h i c h  
claim c o n v e r s i o n s  i n t o  s i l i c o n  of  u p  t o  6 0  p e r c e n t  i n  a s i n g l e  

3 rod CVD r e a c t o r .  
T h e  e f f e c t  of k i n e t i c  b e h a v i o r  i s  t o  e n h a n c e  t h e  

thermodynamic advantage  of d i c h l o r o s i l a n e  o v e r  t r i c h l o r o s i l a n e  
for si1 icon  manufacture.  

The l o w e r  m o l a r  c h l o r i n e  c o n t e n t  of d i c h l o r o s i l a n e  t h a n  
t r i c h l o r o s i l a n e  h a s  a b e n e f i c i a l  e f f e c t  on  t h e  amount  of by- 
p r o d u c t  c h l o r o s i l a n e  which  must be r ec i r cu la t ed  or o t h e r w i s e  
accommodateJ An a p o l y c r y s t a l l i n e  s i l i c o n  CVD process .  Not on ly  
w i l l  t h e  we igh t  of c h l o r o s i l a n e s  i n  r e a c t o r  v e n t s  be lower  when 
d i c h l o r o s i l a n e  is  u t i l i z e d ,  b u t  t h e  d i s t r i b u t i o n  of t h e s e  by- 
p r o d u c t s  w i l l  be more f a v o r a b l e .  The  p r e s e n t  p r o c e s s  based on 
t r i c h l o r o s i l a n e  a s  p r e v i o u s l y  d i s c u s s e d  g e n e r a t e s  s u b s t a n t i a l  
q u a n t i t i e s  o f  s i l i c o n  t e t r a c h l o r i d e ;  w i t h  d i c h l o r o s i l a n e  a s  a 
feed material, t h e  p r i n c i p a l  by-products should  be a m i x t u r e  of 
t r i c h l o r o s i l a n e  a n d  u n r e a c t e d  d i c h l o r o s i l a n e .  Th i s  assumpt ion  
h a s  been borne o u t  i n  p r e l i m i n a r y  g a s  chromatographic  a n a l y s e s  of 
runs  on an  e x p e r i m e n t a l  r e a c t o r .  

These  b y - p r o d u c t s  ( t r  i c h l o r o s i l a n e ,  s i l i c o n  t e t r a c h l o r i d e ,  
HCl  and unreacted d i c h l o r o s i l a n e )  of t h e  r e a c t i o n  which  g e n e r a t e s  
s i l i c o n  from d i c h l o r o s i l a n e  are  a n  i m p o r t a n t  p a r t  of t h e  chemical 
scheme. The expense of o p e r a t i o n  of t h e  r ecove ry  system, w h i c h  
m u s t  s e p a r a t e  t h e  c o m p o n e n t s ,  a n d  t h e  a m o u n t  of  s i l i c o n  
t e t r a c h l o r i d e  gene ra t ed ,  which would have t o  be s o l d  or r e c y c l e d  
i n  a s e p a r a t e  p r o c e s s ,  a r e  o b v i o u s l y  d e p e n d e n t  on t h e  s p e c i f i c  
product  d i s t r i b u t i o n .  

U n f o r t u n a t e l y ,  e q u i l i b r i u m  c a l c u l a t i o n s  c a n n o t  p r o v i d e  
unambiguous  v a l u e s  f o r  v e n t  g a s  c o m p o s i t i o n :  mass b a l a n c e  
r e q u i r e m e n t s  can be met w i t h  a v a r i e t y  of c o m b i n a t i o n s  of 
i n d i v i d u a l  c o n c e n t r a t i o n s .  For example, F igu re  4 shows p o s s i b l e  
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c o n c e n t r a t i o n s  f o r  an assumed p e r c e n t  c o n v e r s i c n  t o  s i l i c o n  and 
mole p e r c e n t  un reac ted  d i c h l o r o s i l a n e .  

2.3.2 Process Implementa t ion  
The low c o s t  d i - c h l o r o s i l a n e  based CVD p r o c e s s  is 

i l l b s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  5 .  H y d r o g e n a t i o n  o f  
metallurgical-grade s i l i c o n  and s i l i c o n  t e t r a c h l o r i d e  occurs i n  a 
f l u i d i z e d  bed r e a c t o r .  The  f l u i d i z e d  bed i s  made up of f i n e l y  
g r o u n d  m e t a l l u r g i c a l  grade s i l i c o n  f l u i d i z e d  w i t h  a H 2  - Sic14 

gas stream. The hydrogenat ion  F roduc t  (H2, H S i C 1 3  and Sic141 is 
f i r s t  s t r i p p e d  of  h y d r o g e n  a n d  any h i g h l y  v J l a t i l e  i m p u r i t y  
s p e c i e s .  The bo t toms  material  from t h i s  f i r s t  s e p a r a t i o n  f e e d s  a 
s e c o n d  d i s t i l l a t i o n  co lumn w h e r e  t h e  t r i c h l o r o s i l a n e - s i l i c o n  
t e t r a c h l o r i d e  s e p a r a t i o n  is accomplished.  S i l i c o n  te t rachlor ide  
i s  r e t u r n e d  t o  t h e  f l u i d i z e d  bed r eac to r  w h i l e  t h e  p u r i f i e d  
t r i c h l o r o s i l a n e  is f e d  i n t o  a r e d i s t r i b u t i o n  column f o r  d i c h l o r o -  
s i l a n e  s y n t h e s i s .  Output  of t h e  r e d i s t r i b u t i o n  column c o n t a i n s  
a p p r o x i m a t e l y  11 p e r c e n t  H 2 S i C l 2  a l o n g  w i t h  H 3 S i C 1 ,  H S i C 1 3  a n d  
S i C 1 4 ,  w i t h  HSiCl3 r e p r e s e n t i n g  t h e  b u l k  o f  t h e  c h l o r o s i l a n e s  
p r e s e n t  i n  t h i s  s t ream ( a p p r o x i m a t e l y  80 p e r c e n t ) .  D i c h l o r o -  
s i l a n e  s e p a r a t i o n  i s  a c c o m p l i s h e d  by a s e c o n d  d i s t i l l a t i o n  
p r o c e s s  a n d  t a k e n  o f f  t h e  d i s t i l l a t i o n  co lumn as  a n  o v e r h e a d  
stream. The bo t toms  from t h i s  d i s t i l l a t i o n  column are  r e c y c l e J  
i n t o  t h e  H S i C 1 3  - Sic14 d i s t i l l a t i o n  column. 

D i c h l o r o s i l a n e  is i n t r o d u c e d  w i t h  hydroTen  i n t o  a p o l y -  
c r y s t a l l i n e  s i l i c o n  CVD r e a c t o r  w h e r e  i t  i s  decomposed  on  a 
r e s i s t i v e l y  heated s u b s t r a t e .  Reac t ion  by-products  a r e  c o l l e c t e d  
a n d  processed t h r o u g h  a r e c o v e r y  s y s t e m  w h i c h  s e r v e s  t o  r emove  
a n d  p u r i f y  t h e  h y d r o g e n  f o r  r e c y c l e  t o  t h e  CVD r e a c t o r  a n d  
s s p a r a t e  c h l o r o s i l a n e s  i n  t h e  v e n t  s t ream f r o m  t h e  HC1. T h e  
recovered  c h l o r o s i l a n e s  a re  i n t r o d u c e d  i n t o  d i s t i l l a t i o n  column 3 
where t h e y  b e g i n  t h e  r e c y c l e  p r o c e s s  e i t h e r  f o r w a r d  t o  t h e  
r e a c t o r  (H2SiC12)  or back t o  t h e  H2SiC12  s y n t h e s i s  a n d  S i c 1 4  
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hydrogenat ion segments  of t h e  process .  B a s i c  p r o c e s s e s  c o n t a i n e d  
i n  t h e  recovery  sys tem a r e  c o n d e n s . .  iop., compress ion,  s e p a r a t i o n ,  
and p u r i f  i c a t i o n . l l  

The p r o c e s s  is c h a r a c t e r i z e d  by n e a r l y  comple te  c h l o r i n e  and 
hydrogen  r e c y c l e .  C h l o r i n e  loss o c c u r r i n g  a s  H C 1  a t  t h e  o u t p u t  
of t h e  r e c o v e r y  s y s t e m  i s  made up by t h e  a d d i t i o r l  of S i c 1 4  ir,tt 
t h e  f l u i d i z e d  bed r e a c t o r .  
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3.0 Techn ica l  S ta tus  
Phase  1 and  P h a s e  2 t e c h n i c a l  e f f o r t s  were l i m i t e d  t o  t h e  

a r e a s  d i scussed  i n  S e c t i o n  2.1. No e f f o r t s  were expended i n  t h e  
a r e a  of t r i c h l o r o s i l a n e  p roduc t ion  due t o  JPL  s u p p o r t  of o t h e r s  
for t h i s  p r o c e s s .  N e i t h e r  h a v e  e f f o r t s  been d e v o t e d  t o  t h e  
d e v e l o p m e n t  of CVD r e a c t o r  v e n t  p r o d u c t  r e c o v e r y  t e c h n o l o g y .  
T h i s  t e c h n o l o g y  i s  c l o s e l y  a l i g n e d  w i t h  r e c o v e r y  s y s t e m  
technology c u r r e n t l y  employed i n  t h e  t r i c h l a r o s i l a n e  CVD process .  

S e c t i o n  3.1 t h r o u g h  3.9 d e t a i l  t e c h n i c a l  r e s u l t s  a c h i e v e d  
dur ing  t h e  c o n t r a c t  pe r iod .  

3.1 Reactor  F e a s i b i l i t y  
A s m a l l  e x p e r i m e n t a l  CVD r e a c t o r 1 2  was m o d i f i e d  t o  

decompose d i c h l o r o s i l a n e  as p a r t  of t h e  r e a c t o r  f e a s i b i l i t y  t a s k .  
The o b j e c t i v e s  of t h e  r e a c t o r  f e a s i b i l i t y  task were: 

1. 

2. 

3 .  

4 .  

5 .  

6. 

E s t a b l i s h  f e a s i b i l i t y  of d i c h l o r o s i l a n e  a s  a f eed  
m a t e r i a l  i n  a high d e p o s i t i o n  r a t e  CVD r e a c t o r .  
Optimize r e a c t o r  o p e r a t i n g  pa rame te r s  f o r  d i c h l o r o s i l a n e  
feed.  
Develop  c o m p a r a t i v e  da t a  r e g a r d i n g  3 i c h l o r o s i l a n e  a n d  
t r i c h l o r o s i l a n e  behavior  i n  a CVD r e a c t o r .  
Provide necessary  in fo rma t ion  f o r  sca le -up  t o  an  in te r -  
mediate s i z e  o r  f u l l - s c a l e  ;:eduction r e a c t o r .  
E s t a b l i s h  v e n t  p r o d u c t  c o m p o s i t i o n  t o  p e r m i t  EPSDU 
design.  and 1000 me t r i c - ton  p l a n t  des ign  and cos t ing .  
I f  n e c e s s a r y ,  e v a l u a t e  t h e  p e r f o r m a n c e  of a r e a c t o r  
o p e r a t i n g  on mixed f eed  ( d i c h l o r o s i l a n e  and t r i c h l o r o -  
s i lane)  . 

A s c h e m a t i c  of t h e  e x p e r i m e n t a l  r e a c t o r  showing  t h e  f e e d  
m a n i f o l d  and  v e n t  l i n e  c o n f i g u r a t i o n  i s  shown i n  F i g u r e  6. 
Rotameters  were used t o  measure f low of v a r i o u s  combina t ions  of 
f eed  (TCS, DCS, o r  r e d i s t r i b u t e d  m a t e r i a l )  t o  t h e  r e a c t o r .  The 
r e a c t o r  is composed of a heat  s h i e l d ,  q u a r t z  b e l l  j a r ,  b a s e p l a t e ,  
and power supply. Feed and vent  g a s  compos i t ions  were ana lyzed  
u s i n g  a Bendix  Model -’ g a s  chromatograph, a Perkin-Elmer Sigma 
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1 0  d a t a  system, and a North Star Horizon micro-computer. Typical 
d i c h l o r o s i l a n e  chromatographic  results are  found i n  Figl i re  7. 

To conserve  time and d i c h l o r o s i l a n e ,  e x p e r i m e n t a l  runs  were 
segmen ted .  S e g m e n t a t i o n  i n v o l v e s  i n t r o d u c i n q  t r i c h l o r o s i l a n e  
e a r l y  i n  a n  e x p e r i m e n t a l  r u n  t o  p r o d u c e  rods of a d e q u a t e  s i z e ,  
w n i l e  d i c h l o r o s i l a n e  was u s e d  l a t e r  i n  t h e  r u n  w h e r e  r e a c t o r  
o p e r a t i n g  c o n d i t i o n s  were iuore s e v e r e  and  more r e p r e s e n t a t i v e  of 
p roduc t ion  r e a c t o r  ope ra t ion .  

O p t i m i z a t i o n  e x p e r i m e n t s  u t i l i z i n g  a two- leve l  expe r imen ta l  
d e s i q n 1 3  w e r e  c o n d u c t e d  t o  e s t a b l i s h  q u a n t i t a t i v e  c o r r e l a t i o n  
between r e a c t o r  o p e r a t i n g  p a r a m e t e r s  ( t o t a l  f l o w  ra te ,  mole 
p e r c e n t  d i c h l o r o s i l a n e ,  and t empera tu re )  and measured re sponses  
( s i l i con  d e p o s i t i o n  rate, convers ion ,  and power consumption) . 

Nine DCS run segments,  a t  c o n d i t i o n s  i l lus t ra ted  i n  F i g u r e  
8 ,  were made a long  w i t h  r e p l i c a t e  runs. Rod diameter r anges  were 
c l a s s i f i e d  as 26-32 m m ,  33-39 m m ,  a n d  39-45 mm. The r e p l i c a t e  
e x p e r i m e n t s  were made t o  conf i rm t h e  assumpt ion  t h a t  rod diameter 
e f f e c t s  were mir t imal  o v e r  t h e  26-45 m m  r a n g e  u n d e r  t h e s e  
o p e r a t i n g  c o n d i t i o n s .  The e i g h t  e x p e r i m e n t a l  p o i n t s  (1-8) 
cor respond t o  t h e  c o r n e r s  of a cube i n  which t h e  edges  r e p r e s e n t  
t h e  v a r i a b l e s :  f l ow,  mole p e r c e n t  DCS, and temperature. 

Polynomial  e x p r e s s i o n s  d e s c r i b i n g  t h e  r e l a t i o n s h i p  between 
o p e r a t i n g  p a r a m e t e r s  and r e sponses  were developed us ing  a l ea s t  
s q u a r e s  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  program. 

I n  g e n e r a l ,  t h e  e q u a t i o n s  p r e d i c t  t h a t  a n  i n c r e a s e  i n  any  
i n d e p e n d e n t  v a r i a b l e  w i l l  r e s u l t  i n  a n  i n c r e a s e  i n  s i l i c o n  
d e p o s i t i o n  r a t e  a n d  decrease i n  power c o n s u m p t i o n  w i t h  t h e  
s t i p u l a t i o n  t h a t  t h e  r e a c t o r  i s  n o t  " f e e d  s t a r v e d . "  Dependence 
of c o n v e r s i o n  e f f i c i e n c y  i s  more complex  i n  t h a t  c o r v e r s i o n  i s  
enhanced by i n c r e a s i n g  tempezature ,  b u t  d imin i shed  by i n c r e a s i n g  
mole p e r c e n t  D C S  a n d  flow ra te .  A s u i - n a r y  of d a t a  for t h e  9 cube  
l o c a t i o n s  is shown i n  Table 1. 
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The o r d e r  of i m p o r t a n c e  of each v a r i a b l c  and  i n t e r a c t i o n  
terms are l i s t e d  below i n  descending o r d e r  f o r  each of t h e  t h r e e  
r e sponses  : 

i t i o n  ~ower  _ConsumPtion 
1. Flow 1. % DCS 1. Flow 
2. Temp. 2. Temp. 2. % DCS 
3 .  % DCS 3. Flow 3. I n t .  of Temp. 
4. I n t .  of Flow and 4. I n t .  of Temp. and X % DCS 

. .  Rate -Efflclencv . .  

Temp. % DCS 4. Temp. 
5. I n t .  of Flow and 5. I n t .  of Flow and 5 .  I n t .  of Flow 

% DCS Temp. and Temp. 
6. I n t .  of Temp. and 6 .  I n t .  of Flow and 6. I n t .  of Flow 

% DCS % DCS and 8 DCS 
F u r t h e r  a n a l y s i s  o f  t h e  da t a  f o r  v a r y i n g  r o d  diameter 

i n d i c a t e d  t h e  r o d  diameter  was l e s s  i m p o r t a n t  t h a n  a n y  of t h e  
v a r i a b l e s  o r  i n t e r a c t i o n  terms. 

A s  p r e v i o u s l y  d i s c u s s e d ,  t h e s e  r u n s  were n o r m a l l y  
c o n t i n u a t i o n s  of p r i o r  t r i c h l o r o s i l a n e  runs. Run c o n d i t i o n s  were 
selected which  were cons ide red  demanding. The e x p e c t a t i m  was 
t h a t ,  a t  h igh  feed rates and/or  l a r g e  rod diameters, o p e r a t i o n a l  
problems such as vapor n u c l e a t i o n ,  o r  s i l i c o n  d e p o s i t i o n  on t h e  
b e l l  jar ,  or a s i g n i f i c a n t  loss i n  surface q u a l i t y  of t h e  s i l i c o n  
would be apparent .  Vapor nuc lea t ion- - format ion  of s i l i c o n  "dus t"  
pa r t i c l e s - -was  n o t  observed,  and j a r  d e p o s i t i o n  was s l i g h t ,  and 
q u i t e  c o m p a r a b l e  t o  t r i c h l o r o s i l a n e  runs .  Moreover ,  s i l i c o n  
surface q u a l i t y  remained c o n s i s t e n t l y  high. 

Only one  r u n  segmen t  ( cube  l o c a t i o n  4 )  t h e  h i g h  f l o w ,  h i g h  
mole p e r c e n t ,  low t e m p e r a t u r e  c o m b i n a t i o n  c a u s e d  o p e r a t i o n a l  
p rob lems .  M a t e r i a l  was d e p o s i t e d  on t h e  b e l l  j a r ,  basepla te ,  
f e e d  n o z z l e ,  a n d  v e n t  p i p e .  T h e  m a t e r i a l  d e p o s i t e d  i n  t h e  v e n t  
p i p e  a t  a h i g h  r a t e ,  caused back  p r e s s u r e  on t h e  r e a c t o r  w h i c h  
b l e w  t h e  b e l l  j a r  s e a l .  T h i s  b e h a v i o r  h a s  n o t  beep o b s e r v e d  
under o t h e r  c o n d i t i o n s  of ope ra t ion .  

A n a l y s i s  of d e p o s i t i o n  r e s i d u e s  f r o m  3 9 4 - 0 6 7 - 3  were 
performed us ing  X-ray d i f f r a c t i o n  t e c h n i q u e s .  
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A Gandol f i  camera can examine a s i n g l e  p a r t i c l e  of material 
i n  t h e  3 0 - 1 0 0 0 ~ m  s i z e  r ange .  T h i s  camera was used  t o  e x a m i n e  
t h e  brown c o l o r e d  particles from t h e  verit p i p e  d e p o s i t  and feed 
n o z z l e  d e p o s i t .  S p e c i a l  care was  t a k e n  t o  e x c l u z e  t h e  3 r a y  
c o l o r e d ,  n o d u l a r  c r y s t a l s ,  b e c a u s e  t h e  c r y s t a l s  were o b v i o c ; l y  
s i l i c o n .  The d i f f r a c t i o n  p a t t e r n s  which  r e s u l t e d  from t h e  
residue were i d e n t i f i e d  as s i l i c o n  w i t h  a f i n e  c r y s t a l l i t e  s i z e  
of 100-1000 Am. 

A h i g h  r e s o l u t i o n  G u i n i a  camera was u s e d  t o  e x a m i n e  t h e  
b a s e p l a t e  r e s i d u e  ar f e e d  n o z z l e  d e p o s i t .  The  s a m p l e s  were 
ground and run s i m u l t a n e o u s l y  u s i n g  a mul t i - sample  holder .  Based 
on t h e  r e s u l t a n t  d i f f r a c t i o n  p a t t e r n s ,  t h e s e  s a m p l e s  were a l s o  
i d e n t i f i e d  as f i n e  c r y s t a l l i t e  s i z e  (100-1000 p m )  s i l i c o n .  

In summary, there  was a l m o s t  a comple te  : h e n c e  of r e a c t o r -  
related o p e r a t i o n a l  problems (broken b e l l  j a r s ,  s i l i c o n  bui ld-up 
on b e l l  j a r  w a l l s ,  s e a l  l e a k s ,  etc.)  e n c o u n t e r e d  w i t h  d i c h l o r o -  
s i l a n e  decomposition. T h i s  may be t h e  resul t  of d i c h l o r o s i l a n e  
decomposi t ion be ing  ana logous  t o  t r i c h l o r o s i l a n e  decomposi t ion,  
o r  r u n  s e q m e n t a t i o n  n o t  b e i n g  r e p r e s e n t a t i v e  of t h e  o v e r  a l l  
d i c h l  o r o s  i l a n e  decomposi t ion process .  
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3.2 T r i c h l o r o s i l a n e  R e d i s t r i b u t i o n  
A p r e f e r r e d  route t o  d i c h l o r o s i l a n e  p r o d u c t i o n  h a s  been 

demons t r a t ed  t o  be t h e  a c i d  o r  base -ca t a lyzed  r e d i s t r i b u t i o n  of 
t r i c h 1  o r o s  i l a n e .  

S i H C 1 3 p - -  SiH2C12 + Sic14  

Dowex@ MWA-1 is a b a s i c  res in  (methyl-amine o r g a n i c  polymer)  t h a t  
i s  c a p a b l e  of i n d u c i n g  a r e d i s t r i b u t i o n  r e a c t i o n  a t  r e a s o n a b l e  
ra tes  and a t  modera te  t empera tu res .  

Ca t a1 y s t 

3.2.1 C a t a l y s t  P r o p e r t i e s  
The f o l l o w i n g  p r o p e r t i e s  of Dowex@ MWA-1 i o n  

e x c h a n g e  r e s i n  h a r e  b e e n  d e t e r m i n e d  e x p e r i m e n t a l l y  s i n c e  t h e  
program was i n i t i a t e d  : 

Moisture Con ten t  50-52 w t %  (as  r e c e i v e d )  
Bulk D e n s i t y  0.54 gms/cc (wet) 

0.35 gms/cc ( d r y )  
Deformation (and P a r t i c l e  None @ 189OC and 0 p s i  
B r i d g i n g )  l o a d  ( a f t e r  28 hour s )  

None @ 129OC and 32 p s i  
l o a d  ( a f t e r  4 h o u r s )  

12% i n  S i l i c o n  T e t r a c h l o r i d e  
Var ious  m e t h o d s  f o r  d r y i n g  t h e  r e s i n  c a t a l y s t  were e v a l u a t e d  
w h i c h  inc luded:  s o l v e n t  d i s p l a c e m e n t ,  vacuum dry ing ,  oven d ry ing ,  
d e s s i c a t i o n  a n d  i n e r t  g a s  p u r g i n g .  W i t h  t h e  e x c e p t i o n  of 
d e s s i c a t i o n ,  a l l  of these m e t h o d s  were e q u a l l y  e f f e c t i v e  i n  

A p a r t i a l l y  e q u i l i b r a t e d  m i x t u r e  of d i c h l o r o s i l a n e ,  
t r i c h l o r o s i l a n e  and s i l i c o n  t e t r a c h l o r i d e  was c o l l e c t e d  from t h e  
l a b o r a t o r y  scale r e d i s t r i b u t i o n  r e a c t o r  u n i t  and s t o r e d  f i r s t  a t  
room t e m p e r a t . u r e  a n d  t h e n  a t  60°C. T h e  m i x t u r e  w a s  r e a n a l y z e d  
a f t e r  each s t o r a g e  p e r i o d .  R e s u l t s  a r e  shown on t h e  f o l l o w i n g  
page : 

Bed Swe l l ing  (Dry t o  Wet) 22% i n  Acetone 

r e m o v i n g  t h e  m o i s t u r e .  12 
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Sample Composition (Mole % )  

hla W H i s t o r v  m m X S  S Z  
85XXa Fresh  from C a t a l y s t  Bed 0.2 8.6 81.4 9.8 
85XXb 162 h r s  a 18-24OC 0 02 8.3 82.2 9 04 
85XXc 26 h r s  a t  60-65OC 0 02 8.1 82.2 9.4 

From t h e s e  r e su l t s  con t inued  c a t a l y t i c  a c t i v i t y  i n  s t o r a g e  
does  n o t  appea r  t o  be a problem. 

The c a t a l y s t  was e x p o s e d  t o  a p p r o x i m a t e l y  3 1 0 0  m l  of t r i -  
c h l o r o s i l a n e  p r i o r  t o  s a m p l e  c o l l e c t i o n .  No l o s s  i n  c a t a l y t i c  
a c t i v i t y  was o b s e r v e d  d u r i n g  e x p e r i m e n t a l  r u n s  i n v o l v i n g  4 0 0 0  

grams t r i c h l o r o s i l a n e  and 5 0  grams Dotrex@ MWA-1 r e s i n .  

3.2.2 TJaboratory T r i c h l o r o s i l a n e  Rear ranger  U n i t  
A l a b o r a t o r y - s c a l e  r e d i s t r i b u t i o n  u n i t  was  

des igned  and c o n s t r u c t e d  and is shown s c h e m a t i c a l l y  i n  F i g u r e  9. 
The u n i t  c o n s i s t s  of a m a n i f o l d  w h i c h  i n c l u d e s  two  s t a i n l e s s  
s t e e l  s a m p l e  c y l i n d e r s  a n d  a sma l l  r e a r r a n g e r .  One of t h e  
c y l i n d e r s  i s  a s e d  t o  f e e d  pu re  t r i c h l o r o s i l a n e  o r  mixed f e e d s  of 
t r i c h l o r o s i , a n e  and s i l i c o n  t e t r a c h l o r i d e  t o  t h e  r e a r r a n g e r .  The 
o t h e r  c y l i n d e r  i s  u s e d  t o  c o l l e c t  e f f l u e n t  f r o m  t h e  s t a i n l e s s  
s t e e l  t u b i n g  w h i c h  i s  i m m e r s e d  i n  a n  o i l  r e c i r c u l a t i n g  b a t h  t o  
i n s u r e  c o n s t a n t  t e m p e r a t u r e  o p e r a t i o n .  P r o v i s i o n s  e x i s t  f o r  
r emova l  of samples f o r  a n a l y s i s  (by g a s  c h r o n a t o g r a p h y ) ,  waste 
r e m o v a l ,  a n d  a u t o m a t i c  v e n t i n g  t o  a p u r g e  l i n e  u n d e r  u p s e t  
c o n d i t i o n s .  The a p p a r a t u s  was d e s i g n e d  f o r  m a n i p u l a t i o n  of 
l i q u i d  s t r e a m s ,  b u t  can a l s o  b e  a d a p t e d  f o r  v a p o r  p h a s e  
ope ra  ti on. 

a u t o m a t i c  g a s  s a m p l i n g  v a l v e  was i n s t a l l e d  t o  e v a l u a t e  g a s  a n d  
l i q u i d  r e d i s t r i b u t i o n  k i n e t i c s  of t r i c h l o r o s i l a n e .  An OV-101  on 
chromosorb W.H.P. column was found t o  q u a n t i t a t i v e l y  and r e l i a b l y  
s e p a r a t e  c h l  o r o s i l a n e  m i x t u r e s .  

The mos t  s a t i s f a c t o r y  method of  a n a l y z i n g  l i q u i d  p r o c e s s  
streams was by expans ion  of ca. 1 cc of l i q u i d  i n t o  a n  evacua ted  

A V a r i a n  Model 3400  g a s  chromatograph equipped w i t h  a ValcG a3 
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vo lume  of 4 l i t e r s ,  f o l l o w e d  by p r e s s u r i z a t i o n  t o  30 p s i g  w i t h  
he l ium and i n j e c t i o n  of 1 cc samples i n t o  t h e  GLC column v i a  t h e  
a u t o m a t i c  g a s  sampl ing  valve.  

3.2.3 R e d i s t r i b u t i o n  K i n e t i c s  
The p r o c e d u r e  u s e d  t o  e v a l u a t e  r e d i s t r i b u t i o n  

k i n e t i c s  was t o  f e e d  t r i c h l o r o s i l a n e  t o  t h e  D o w e B  MWA-1 c a t a l y s t  
bed  a t  a c o n t r o l l e d  r a t e  ( t e m p e r a t u r e ,  p r e s s u r e ,  a n d  
c o n c e n t r a t i o n )  'and m e a s u r e  t h e  c o m p o s i t i o n  of t h e  b e d  o u t p u t  
stream by g a s  chromatography. 

3.2.3.1 Vapor Phase T r i c h l o r o s i l a n e  Kirietics 
R e s u l t s  of t h r e e  r u n s  made l s i n g  a 6 5  

m o l e  p e r c e n t  t r i c h l o r o s i l a n e  i n  h e l i u m  m i x t u r e  w i t h  t h e  
l a b o r a t o r y  r e a r r a n g e r  u n i t  a r e  shown i n  Tab le  2. Problems were 
e n c o u n t e r e d  w i t h  t h e  s t a b i l i t y  of  t h e  f e e d  s y s t e m  r e s u l t i n g  i n  
t r i c h l o r o s i l a n e  c o n c e n t r a t i o n  v a r y i n g  & 1 5  m o l e  p e r c e n t .  
However,  t h e  f o l l o w i n g  c o n c l u s i o n s  were drawn f r o m  t h e s e  
exper iments :  

D i f f u s i o n  phenomena which have a n  e f f e c t  on t h e  k i n e t i c  
r a t e  c o n s t a n t  i n  l i q u i d  p h a s e  s y s t e m s  do  n o t  a p p e a r  a s  
i m p o r t a n t  i n  t h e  g a s  phase  sys tem;  f o r  example, t h e  ko/a*  
r a t e  v a l u e s  f o r  6 - i n c h  a n d  1 2 - i c c h  bed  l e n g t h s  a r e  
approx ima te ly  equal. 
D o w e a  which was c o n d i t i o n e d  by a i r  (and i n s r t  gas )  purge 
d r y i n g  e x h i b i t s  an  u n u s u a l l y  h igh  kola r a t e  value.  It is 
expected t h a t  t h i s  h i g h  k,/a r a t e  v a l u e  o r  c a t a l y t i c  
a c t i v i t y  i, t h e  r e s u l t  of t r i m e t h y l a m i n e  e v o l u t i o n  w i t h  
vacuum dry ing  and t h a t  once t h e  t r i m e t h y l a m i n e  is "bs.ked 
o u t " ,  s u b s e q u e n t  c a t a l y t i c  a c t i v i t y  w i l l  be reduced t o  
t h a t  of t h e  100°C vacuum baked Dowe@. 

The Micromete@ f low c o n t r o l  v a l v e  was moved downstream of 
t h e  t r i c h l o r o s i l a n e  c y l i n d e r , 1 4  which t h e n  a l l o w e d  t h e  t r i c h l o r o -  

* Defined on page 38 
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TABLE 2. VpmR PHASE TRICHLOROSILANE REDISTRIBUTION DATA 
(65 Mole % T r i c h l o r o s i l a n e  i n  Helium) 

Condit ions Products  (Mcle % )  ....................................... .................... 
Bed Linear  Res 

Length Flow Time 
Ref No Dowex P repa ra t ion  ( Ins )  (Ft/Hr) (sec) M C S  DCS TCS STC 

18B 100 degC Vac Bake 
16A 
16B 
16C 
1 8 A  

N N  N I I  

~n N N  

N N  N N  

N N  N n  

30B A i r  (Inert) Purge 
3 OC 
3 OD 
3 OA 
30E 

N N  n n  
n n  n n  
~n n n  
N N  N N  

- 
N N  N 

I N  W 

N 

3 7A 
37B 
37E 
37D 

~n 
N N  n 

37C 100 de@ Vac i3ake 
N 

N 

n 
N 

6 
N 

n 
N 

N 

12 
N 

N 

n 
n 

12 
N 

n 
n 
7 

10312 
6714 
2398 

720 
120 

10312 
6714 
2398 

720 
120 

10312 
6714 
2398 

720 
120 

0.17 0.0 1.0 
0.29 0.0 1.3 
0.75 0.0 2.9 
2.5 0.0 5.1 

1 5  0.5 11.0 

0.35 0.0 4.7 
0 . ~ 4  0.1 6.2 
1.5 0.2 8.8 
5.0 0.4 9.7 

30 0.7 12.9 

0.35 0.0 1.1 
0.54 0.0 1.3 
1.5 0.0 2.7 
5.0 0.2 7.6 

30 0.5 10.8 

97.8 1.2 

93.7 3.3 
88.6 6.2 
76.1 12.4 

90.6 4.6 
87.5 6.2 
81.8 9.2 
79.7 10.2 
72.8 13.5 

97.9 1.0 
97.6 1.1 
94.7 2.6 
84.2 8.0 
75.8 12.9 

56.9 1.7 

Ccitalyst : D o ~ e x  Ion Exchange Resin 
Bed Diameter : 0.25 inch  (0.036 inch  wall) tub ing  
Bed Temperature: 85 degC 
Feed : 65 mole% Tr ich loros i la , le  in Helium 
Feed Phase : Gas 

Note : Linear  flow and res idence  time have been c o r r e c t e d  fol t1.e 
void volume of t h e  c a t a l y s t ,  e.g. a=0.50 
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s i l a n e  c y l i n d e r  t o  be oy2ra t ed  unde r  a c o n s t a n t  1 0  p s i g  p r e s s w e .  
C o n s t a n t  p r e s s u r e  e n a b l e d  t h e  s y s t e m  t o  o p e r a t e  much c l o s e r  t o  
t h e  feed c o n c e n t r - A o n  des i r ed .  

T h r e e  more  r u n s  were ma$? i n  o r d e r  t o  e v a l u a t e  l o w e r  
c o n c e n t r a t i o n s ,  and t h e  e f f ec t  of thermal p r e t r e a t m e n t  of Dowe@ 
res in  on i t s  c a t a l y t i c  a c t i v i t y .  The data shgwn i n  Takle  3 were 
c o l l e c t e d  v s i n g  a f e e d  of 4 0  m o l e  p e r c e n t  (+ 3 m o l e  p e r c e n t )  
t r i c h l o r o s i l a n e  i n  h e l i u m .  . U n p u b l i s h e d  r u n s  i n d i c a t e  t 5 a t  
d i l u e n t  c o n c e n t r a t i o n  has  no o b s e r v a b l e  e f f e c t  on r e d i s t r i b u t i o n  
k i n e t i c s  i n  t h e  g a s  phase .  T h e  d a t a  h a v e  b e e n  f i t t e d  t o  t h e  
second o r d e r  k i n e t i c  r a t e  e q u a t i o n  f o r  r e v e r s i b l e  r e a c t i o n s  and  
a r e  shown i n  F i g u r e  1 0 .  

3.2.3 .2 L i q u i d  Phase T r i c h l o r o s i l a n e  K i n e t i c s  
Datd w e r e  c o l l e c t e d  t o  e v a l u a t e  t h e  

k i n e t i c s  cf t h e  t r i c h l o r o s i l a n e  r e d i s t r i b u t i o n  r e e c t i o n  a t  l i q u i d  
f l o w  r a t e s  g r e a t e r  t h a n  5 f t / h r .  'The d a t a  a r e  p r c s e n t e d  i n  
Tables 4 and 5, and F i g u r e  11 and 12 .  Product  compos i t ion  d a t a  
were f i t t e d  t o  t h e  k i n e t i c  r a t e  e x p r e s s i o n  f o r  r e v e r s i b l e  second 
o r a e r  r e a c t i o n s ,  i.e. 

k 
2TCS DCS + STC 

where I: i s  t h e  k i n e t i c  r a t e  c o n s t a n t  (min-'), t i s  ::ne r e s i d e n c e  
t ime  [ i n i n ) ,  xe i s  t h e  e q u i l i b r i u m  m o l e  f r a c t i o n  a n d  x i s  t h e  m o l e  
F r 3 c t i o n  a t  t ime  t. I n  t h e  a b o v e  e x p r e s s i o n  x i s  twice  t h e  
3 b s e r v e d  m o l e  f r a c t i o n  of D C S  and  X e  i s  twice  t h e  e q u i l i b r i u m  
mole f r a c t i o n  of DCS calculated accord ing  t o :  
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Table 3. Vapor Phase T r i c h l o r o s i l a n e  R e d i s t r u b J t i o n  Data 
(40 Mole % T r i c h l o r o s i l a n e  i n  H e l i u m )  

Cond i t ions  P r o d u c t s  (Mole a )  
------------c------------------------------------------- 

Linear Res 
Bed Flow Time 

R e f  No Dowex P r e p a r a t i o n  S ize  (Ft/Hr) (sec) :1CS DCS TCS STC 

46B 100 degC Vac B a k e  2 3592 0.17 0.0 1.7 97.3 1.0 
n n n n 2338 0.26 0.0 1.8 gc a 1.3 
n n n n 834 0.72 0.1 2.9 9 .7 2.3 46E 

U n n n 250 2.4 0.1 5.5 89.4 5.0 
46A 

n n n 1 . 4  11.0 74.9 12.7 42 1 4  
4 6C 
46D 

............................................................... 

n 

C 3592 0.17 0.0 0.6 98.8 0.6 
2338 0.26 0.0 0.3 99.4 0.3 

n n n n 834 0.72 0.0 1.8 96.3 1.9 
250 2.4 0.0 4.6 90.9 4.5 

42 1 4  0.2 8.5 82.9 8.3 

n n a n 
5 3c 1 0 0  degC Argon 
53A 
5 3D 
53E 
53s  

n n U n 
n n n n 

105 degC Vac B a k e  C 3592 0.17 0.0 0.5 98.7 0.8 
n n n  n n 2338 0.26 0.0 0.8 98.2 0.9 
n n n  n n 834 0.72 0.0 0.9 97.8 1.3 
ll n u  n n 250 2.4 0.0 2.1 95.7 2.2 

42 1 4  0.0 3.9 91.8 4.3 

44D 
44A 
44E 
44B 
44c n n n n  n 

Catalyst  : Dowex Ion Exchange R e s i n  
Bed S i z e s  : A = 1/4" x 6" 
(Tubing Wall = 0.035") B = 1 / 4 "  x 12" 

C = 3/8" x 2" 
Bed Temperature : 85 degC 
Feed : 40 mole % T r i c h l o r o s i l a n e  i n  HeILum 

Note : Linea r  f l o w  and r e s i d e n c e  time have  been  c o r r e c t e d  f o r  
t h e  vo id  volump of t h e  c a t a l y s t ,  e , g e r  a=0,50 

32 



0 

I h 

0 
0 

0 

1 './ 
" I  0 

I 

0 0 /- h 0 

7 4  
0 
03 

'13H?S % 

0 
h 

I: 

i 
/? 

0 

3 3  



TABLE 4. LIQUID PHASE TRiCHLuROSILANE REDISTRIBUTION DATA 

8 1 A  
80A 
8 OC 
80B 
8 1 B  

8 3 A  
82C 
82A 
82B 
8 3 B  

8 SXA 
8 4XB 
84XA 
84XC 
8 5XB 

90A 
9 1c 
91B 
91A 
90B 

8 7 A  
8 6 C  
8 6 A  
86B 
8 7 B  

89B 
888 
88C 
88A 
89A 

92A 
9 3 c  
93A 
93 B 
928  

43 
n 

n 
n 

n 

20 
n 
0 

n 
n 

15 
U 

n 
n 

n 

1 5  
n 
n 

0 

n 

1 0  
n 

n 
n 

n 

5 
n 
n 

n 
n 

2 
n 

n 
n 

n 

9 5  .o 
65.6 
49.2 
29.4 

8.4 

9 5  .o 
6 5  e6 
49.2 
2 9  .4 

8.4 

9 5  .o 
65.6 
49.2 
29.4 

8.4 

9 5  .o 
65.6 
49.2 
29.4 

8.4 

9 5  .o 
65.6 
49.2 
29.4 

8.4 

95  .O 
65.6 
49.2 
29.4 

8.4 

95 .o 
65.6 
49.2 
29.4 

8.4 

2 01 
3.0 
4.1 
6.8 

23.8 

1.0 
1.6 
2.0 
4 05 

13.2 

0.79 
1.1 
1.5 
2.6 
8.9 

0.79 
1.1 
1.5 
2.6 
8.9 

0.53 
0.76 
1.0 
1.7 
6 .O 

0.26 
0.38 
0.51 
0.85 
3.0 

0 0 1 1  
0.15 
0 .20 
0.34 
1.2 

0.2 10.2 78.9 10.7 
0.3 10.0 79.3 10.4 
0.4 11.3 77.0 1 1 0 2  
0.4 11.5 76.1 11.8 
0.4 11.2 76.6 11.8 

0.1 7.4 85.1 7.4 
0.2 8.5 83.3 8.0 
0.4 11.0 77.0 11.6 

0.3 11.4 76.8 11.4 
0.3 10.7 78.0 10 .9  

0.1 5.7 88.4 5.7 
0.2 8.3 83.5 7.9 

Rejected Sample  
0.4 11.6 76.8 11.0 
0.3 9.3 80.3 10.0 

0.1 6.6 87.1 6.1 
0.1 9.0 82.5 8.4 
0.2 9.8 81.1 8.9 
0.2 10.6 79.3 9.8 
0.3 10.9 78.4 10.4 

0.2 6.6 86.9 6.3 
0.2 7.4 85.4 7.0 
0.1 5.0 90.3 4.7 
0.3 8.5 89.0 8.2 
0.5 11.6 76.9 11.1 

0.0 L.3 93.6 3.0 
0.0 2.8 94.6 2.5 
0.1 4.2 91.9 3.8 
(2.2 6.5 87.3 6.0 
0.2 9.1 82.3 8.5 

0.0 2 ,4  95.2 2.4 
0.0 2.8 94.7 2 ,5  
0.0 3.5 93.7 3.0 
0.0 4.4 91.9 3.7 
0.1 5.3 89.6 5.0 

C a t a l y s t  : Dowex I o n  Exchange R e s i n  Bed Temp: 77-79 de$ 
Bed Diameter: 0.5 i n c h  (0.035 inch wall)  t u b i n g  Feed : TCS Liquid  

34  



TABLE 5. LIQUID PHASE TRICHLO3OSILAME REDISTRIBUTION KINETIC 
DATA SUMMARY 

0 022 
0.20 Ioo:oo~l 
0.19 (0.03 . 
0.20 (0.02 1 
0.10 (0.02) 

C a t a l y s t  : Dowex I o n  Exchange R e s i n  
Bed Diameter : 0.50 i n c h  (0.035 i n c h  w a l l )  t u b i n g  
Bed Temperature:  77-79 OC 
Feed : T r i c h l o r o s i l a n e  Liqulid 

Note: L i r ,  low h a s  been c o r r e c t e d  fo: t h e  vo id  volQmc of t h e  
ca t : r  i.e. a=0.50 
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and Rp=exp( ( -  H/ RT)+Co) 

where H=1486 ca l /mole  and Co=-1.1540 (Eq 3 )  

If t h e  o p e n  t u b e  r e s i d e n c e  t i m e  ( t)  i n  Eq 1 i s  u s e d  t h e  r a t e  
c o n s t a n t  w i l l  a l s o  be t h a t  f o r  t h e  open t u b e  c o n d i t i o n s  ( k o ) .  I n  
t h i s  r e p o r t  open t u b e  r a t e  c o n s t a n t s  have been c o r r e c t e d  f o r  t h e  
p r e s e n c e  of  c a t a l y s t  by d i v i d i n g  t h e  open  t u b e  r a t e  c o n s t a n t  by 
t h e  v o i d  v o l u m e  f r a c t i o n  of  t h e  c a t a l y s t  (a ) .  The v a l u e s  k o / a  
u s e d  i n  t h i s  r e p o r t  r e f e r  t o  t h i s  c o r r e c t i o n  p r o c e s s .  A v o i d  
v o l u m e  f r a c t i o n  o f  0.50, Le. a=0.50, was  sed f o r  D o w e w r e s i n .  
I t  a p p e a r s  f r o m  these  d a t a  t h a t  t h e  k o / a  r a t e  v a l l i e  v e r s u s  
v e l o c i t y  ( f t / h r )  l e v e l s  o f f  a t  ca. 0.20 min-1  a t  v e l o c i t i e s  
g r e a t e r  t h a n  25 -30  f t / h r .  T h i s  b e h a v i o r  i n d i c a t e s  t h a t  
r easonab ly  good mixing  a t  t h e  s o l i d  l i q u i d  i n t e r f a c e  is  p r e s e n t  
and  t h a t  p r o b l e m s  a s s o c i a t e d  w i t h  l i q u i d  d i f f u s i o n  h a v e  b e e n  
minimized a t  t h e  h i g h e r  v e l o c i t i e s .  

I n  v i e w  of t h e  s u b s t a n t i a l  c h a n g e  i n  k i n e t i c  r a t e  b e h a v i o r  
observed  between a i r  (and i ne r t  g a s )  purge  d r i e d  and vacuum d r i e d  
D o w e n  i n  t h e  g a s  p h a s e  c a t a l y t i c  s y s t e m  ( see  a b o v e )  , a s i m i l a r  
expe r imen t  was conducted  w i t h  t h e  l i q u i d  phase system. The d a t a  
a r e  p r e s e n t e d  i n  T a b l e  6 and  i n d i c a t e  l i t t l e  i f  any  d i f f e r e n c e  
between t h e  two methods of cond i t ion ing .  

e 

3.2.3.3 L i q u i d  P h a s e  T r  i c h l  o r o s i l a n e - S i 1  i c o n  
T e t r a c h l o r i d e  K i n e t i c s  
According t o  a v a i l a b l e  thermodynamic d a t a  it 

seemed p o s s i b l e  t o  s u p p r e s s  t h e  f o r m a t i o n  of unwanted monochloro- 
s i l a n e  by f e  >d ing  a 80% t r i c h l o r o s i l a n e / 2 0 %  s i l i c o n  t e t r a c h l o r i d e  
m i x t u r e  t o  t h e  c a t a l y s t  bed. A s c r e e n i n g  r u n  was made w i t h  a 
0.5- inch d i a m e t e r  by 1 0 0 - i n c h  l o n g  Dowe&) bed. T h i s  bed l e n g t h  
was c h o s e n  t o  i n s u r e  s u f f i c i e n t  r e s i d e n c e  t ime t o  a c h i e v e  
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TABLE 6 . LIQUID PHASE TRICHLOROSILAKE REDISTRIBUTION DATR 
CATALYST PREPARATION METHODS 

Condi t ions  Products  (Mole %) 
--------------------_______________c____-- ------------------- 

Bed Linear Res 
Length Flaw T h e  

Ref No Prepa ra t ion  Method ( I n s )  (Ft/Hr) (Mins) MCS DCS TCS STC 

85xA A i r  (Inert)  Purge 1 5  95 .O 0.79 0.1 5.7 88.4 5.7 
8 4XB 
84!W 
84XC 
85xB 

...................................................................... 
Il n 0 n 1.1 0.2 8.3 83.5 7.9 65 .6 

49.2 1.5 Rejected Sample 
n n N n 0.4 11.6 76.8 11.0 29.4 2 .6 

8.4 8.9 0.3 9.3 80.3 10.0 

ll N n n 

n Il n n 

15 95 .o 0.79 0.1 6.6 87.1 6.1 
65.6 1.1 0.1 9.0 82.5 8.4 

(I 1.5 0.2 9.8 81.1 8.9 49 .2 
29 .4 2 .6 0.2 10.6 79.3 9.8 

n n  n n  n 8.9 0.3 10.9 78.4 10.4 8 -4 

100 OC Vac Bake  
n n  n n  

n n  n n  

90A 
91c 
91B 
91A 
90B 

n n n  n n  

C a t a l y s t  : Dowex Ion Exchange Resin 
Bed Diameter : 0.50 i n c h  (0.035 inch  wall) tub ing  
Bed Temperature: 77-79 OC 
Feed : T r i c h l o r o s i l a n e  Liquid 

Ncte: Linear f l o w  and  r e s i d e n c e  time have  been c o r r e c t e d  f o r  t h e  v o i d  
volume of the c a t a l y s t ,  i.e. a=0.50 
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e q u i l i b r i u m .  The resu l t s  a r e  p r e s e n t e d  txlow: 
Product  iMole % )  

FeedlMoleu lcs Qcs MCS/DCSRatio 
100% TCS 0.37 10.8 0.033 
80% TCS/ZO% STC 0.10 5.0 0.021 

Although t h e  r e d u c t i o n  i n  t h e  MCS/DCS r a t i o  w i t h  t h e  mixed 
s y s t e m  i s  i n d e e d  l o w e r  t h a n  t h e  r a t i o  w i t h  1 0 0  m o l e  % 

t r i c h l o r o s i l a n e  sys tem,  t h e  r e d u c t i o n  i s  n o t  a s  g r e a t  a s  expec ted  
a n d ,  i n  v i e w  of t h e  54% d e c r e a s e  i n  DCS p r o d u c t i o n ,  t h e  mixed  
f e e d  system i s  n o t  c o n s i d e r e d  t o  be a v i a b l e  a l t e r n a t i v e .  

3.2.4 P u r i t y  of P o l y s i l i c o n  from Labora to ry  Rear ranger  
The p u r i t y  of m a t e r i a l  f r o m  t h e  l a b o r a t o r y  s c a l e  

l i q u i d  p h a s e  r e a r r a n g e r  was e v a l u a t e d  by c o l l e c t i n g  a 6 - l i t e r  
s a m p l e  of r e d i s t r i b u t e d  c h l o r o s i l a n e s  f o r  use a s  f e e d s t o c k  f o r  
d e p o s i t i n g  a s i l i c o n  r o d  by c h e m i c a l  v a p o r  d e p o s i t i o n .  A 1 0 0 -  
i n c h  bed of DowexO MWA-1 r e s i n  was used f o r  r e d i s t r i b u t i o n .  The 
d e p o s i t e d  s i l i c o n  rod was ana lyzed  f o r  boron, donor  (phosphorus)  
a n d  a luminum by a m u l t i p a s s  z o n e  r e f i n i n g  t e c h n i q u e  a n d  f o r  
c a r b o n  by F o u r i e r  t r a n s f o r m  i n f r a r e d  ( F T I R )  a n a l y s i s .  R e s u l t s  
are shown below. 

S i l i c o n  Rod Boron Donor Aluminum Carbon 

394-022 77OC Dowex@ Bed C o n d i t i o n i n g  R m  - No Rod Grown 
394-023 Con t r ol 0 019 1.1 0 -30 0.5 
394-024 2 4 O C  Dowe@ 0.48 1 . 4  0 .09  0.5 
394-025 Contr  ol 0.15 1.7 0.18 0.3 
394-026 77OC Dowex' 0 -69 1 . 2  0.06 0.4 

Befm FeedSource 0 CoRba)- ll2Pllul 

T h e s e  r e s u l t s  i n d i c a t e  a s l i g h t  d e g r e e  of b o r o n  
con tamina t ion ,  w i t h  respect t o  semiconductor  g r a d e  s i l i c o n ,  w h i c h  
may be caused by r e d i s t r i b u t i o n  u s i n g  Dowex@. The boron l e v e l s  i n  
r u n s  w i t h  bo th  hea ted  and room t e m p e r a t u r e  Dowe@ were a f a c t o r  of 
3 t o  4 h ighe r  t h a n  t h e  c o n t r o l  runs  made w i t i o u t  t h e  p re sence  of 
t h e  c a t a l y s t .  Such boron l e v e l s  have no impact  on t h e  u t i l i t y  of 
t h e  p roduc t  f o r  s o l a r  g r a d e  s i l i c o n .  
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3 . 3  DICHLOROSILANE SAFETY DATA 

DCS was r e p o r t e d  i n  t h e  l i t e r a t u r e  t o  u n d e r g o  
c o m b u s t i o n  t h a t  i s  e a s i l y  i n i t i a t e d  a n d  u n u s u a l l y  v i o l e n t .  I n  
o r d e r  t o  p r o p e r l y  d e s i g n  and l o c a t e  a DCS p l a n t ,  a more thorough 
unde r s t and ing  of p r o p e r t i e s  was r equ i r ed .  Accordingly,  Hazards 
R e s e a r c h  C o r p o r a t i o n *  ( H R C )  was  e n g a g e d  t o  c o n d u c t  a s e r i e s  of 
t e s t s  r e l a t i n g  t o  t h e  f l a m m a b i l i t y  and h y d r o l y t i c  c h a r a c t e r i s t i c s  
of DCS. 

S p e c i f i c  tests were: 
1. A u t o i g n i t i o n :  d e t e r m i n e  temperature a t  which DCS/air 

m i x t u r e s  spon taneous ly  i g n i t e .  

2 .  Explos ion  s e v e r i t y :  d e t e r m i n e  r a t e  of p r e s s u r e  r i s e  
i n  a c l o s e d  v e s s e l  upon i g n i t i o n  of DCS/air. 

3 .  H y d r o l y t i c :  d e t e r m i n e  i f  i g n i t i o n  o c c u r s  when a 
s i m u l a t e d  DCS s p i l l  was subjected t o  a water de luge ,  
o r  water i n t o  DCS. 

4 .  Explos ive  ou tpu t :  d e t e r m i n e  o u t p u t  of an unconfined 
vapor  c loud  of DCS/air mix tu re .  

3 . 3 . 1  T e s t  Methods 
AUTO I G N I T I O N  TEMPERATURE DETERMI bJAT I O N S  

A u t o i g n i t i o n  t e m p e r a t u r e  d e t e r m i n a t i o n  was made u s i n g  a 
s tee l  a u t o c l a v e  w i t h  a volume of 3 0 0  m i l l i l i t e r s .  A Wood's m e t a l  
b a t h  was used t o  p r o v i d e  c o n t r o l l e d  tempera ture .  A small amount 
of s3mple vapor from a r e s e r v o i r  was i n j e c t e d  i n t o  t h e  t h e r m a l l y  
e q u i l i b r a t e d  v e s s e l  a t  a p r e s e l e c t e d  t e m p e r a t u r e  a n d  t h e  r e s u l t  
observed  f o r  up t o  1 0  m i n u t e s .  Tempera ture  of t h e  i n t e r n a l  vapor 
s p a c e  was moni tored  u s i n g  a thermocouple- recorder  system. If t h e  
r e s u l t  was c o m b u s t i o i ,  a s u c c e s s i v e  t r i a l  was p e r f o r m e d  a t  a 

* H a z a r d s  R e s e a r c h  Corp., 2 0 0  East Main S t r e e t ,  Rockaway, New 

J e r s e y  
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l o w e r  t e m p e r a t u r e :  i f  no c o m b u s t i o n  was  o b t a i n e d ,  a h i g h e r  
t e m p e r a t u r e  was  used.  T h e  p r o c e d u r e  was c o n t i n u e d  u n t i l  t h e  
l o w e s t  t e m p e r a t u r e  f o r  combust ion and t h e  h i g h e s t  t e m p e r a t u r e  f o r  
n o n - c o m b u s t i o n  were s e p a r a t e d  by l e s s  t h a n  1 0 ° C .  T h e  s a m p l e  
cha rge  was t h e n  i n c r e a s e d  and dec reased  i n  subsequent  t r i a l s  t o  
a s s u r e  t h a t  t h e  l o w e s t  a u t o i g n i t i o n  t e m p e r a t u r e  a s  a f u n c t i o n  of 
compos i t ion  had been de termined .  

EXPLOSION SEVERITY DETERMINATION 

The e x p l o s i o n  s e v e r i t y  e x p e r i m e n t s  were conducted  i n  a t e n  
l i t e r  s p h e r i c a l  v e s s e l  e q u i p p e d  w i t h  p r e s s u r e  a n d  t e m p e r a t u r e  
mon i to r ing  systems. The s p h e r e  a l s o  c o n t a i n e d  a r u p t u r e  d i s c ,  a 
g a s  i n j e c t i o n  s y s t e m  a n d  a n i c h r o m e  c o i l  i g n i t i o n  s y s t e m .  T h e  

i n j e c t i o n  and i g n i t i o n  sys t ems  were c e n t r a l l y  l o c a t e d .  
DCS vapor was a d m i t t e d  t o  t h e  evacua ted  s p h e r e  t o  a d e s i r e d  

p a r t i a l  p r e s s u r e ,  f o l l o w e d  by a d m i s s i o n  of d r y  a i r  t o  one  
a t m o s p h e r e  t o t a l  p r e s s u r e .  The v e s s e l  was  a l l o w e d  t o  s t a n d  t o  
p e r m i t  m i x i n g  f o r  5 m i n u t e s ,  t h e n  t h e  n i c h r o m e  c o i l  w a s  f u s e d .  
T h e  p r e s s u r e  h i s t o r y  of t h e  r e a c t i o n  was  r e c o r d e d  by a f a s t  
a c t i n g  t r a n s d u c e r  i n  c o m b i n a t i o n  w i t h  an o s c i l l o g r a p h  o r ,  f o r  
u n u s u a l l y  h i g h  v e l o c i t i e s ,  a n  o s c i l l o s c o p e .  E x p e r i m e n t s  w e r e  
conducted a t  ambien t  t empera tu re .  

HYDROLYT I C 

Two tests were conducted t o  d e t e r m i n e  t h e  e f f e c t  of w a t e r  
on DCS. One t e s t  c o n s i s t e d  of s p r a y i n g  w a t e r  i n t o  a pool of DCS; 
i n  t h e  o t h e r ,  DCS was s p r a y e d  i n t o  a p o o l  of w a t e r .  Bo th  t e s t s  
u s e d  a pan  a p p r o x i m a t e l y  1 2  I n c h e s  i n  d i a m e t e r  by 2 i n c h e s  d e e p  
t o  c o n t a i n  l i q u i d .  F ive  pounds of DCS were p l aced  i n  a c y l i n d e r  
a n d  r e l e a s e d  by r e m o t e  c o n t r o l .  Wate r  f l o w  was  c o n t r o l l e d  by 
r emote ly  l o c a t e d  manual  va lves .  P r o v i s i o n s  were  made t o  i g n i t e  
vapor  c l o u d s  r e s u l t i n g  from h y d r o l y s i s  w i t h  a "squib"  p y r o t e c h n i c  
i g n i t e r .  
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EXPLOSIVE OUTPUT 
I n  a n  a t t e m p t  t o  s i m u l a t e  a n  u n c o n f i n e d  v a p o r  c l o u d  

exp los ion ,  a cube 5 f e e t  on a s i d e  was c o n s t r u c t e d  from wood and 
covered w i t h  a t r a n s p a r e n t  p o l y e t h y l e n e  f i l m .  A s m a l l  f a n  w i t h i n  
t h e  e n c l o s u r e  p r o v i d e d  m i x i n g  of t h e  c o n t e n t s  a n 2  a s q u i b  was 
l o c a t e d  w i t h i n  t h e  c u b e  t o  a c t  a s  an i g n i t i o n  s o u r c e .  " B i k i n i "  
gauges vere  placed a t  v a r y i n g  distances from t h e  cube t o  measure 
o v e r p r e s s u r e  w a v e s  c a u s e d  by  t h e  e x p l o s i o n .  H i g h  s p e e d  
pho tograph ic  equipment  was p o s i t i o n e d  a p p r o x i m a t e l y  80 f e e t  away 
a n d  r e a l - t i m e  p h o t o g r a p h y  was p l a c e d  a b o v e  t h e  a r e a  a t  
a p p r o x i m a t e l y  a 45' a n g l e  t o  2 r o v i d e  v i s u a l  documentat ion.  

The e n c l o s u r e  s t a r t e d  w i t h  a:: i n s i d e .  DCS was i n t r o d u c e d  
i n t o  t h e  cube a s  e i t h e r  v a p o r  o r  l i q u i d  f r o m  a c y l i n d e r  a t  a 
r e m o t e  s i t e  t o  t h e  cube.  C y l i n d e r  w e i g h t  c h a n g e  was u s e d  t o  
e s t a b l i s h  when t h e  p rede te rmined  amount of DCS had been a d m i t t e d  
t o  t h e  c u b e .  DCS c o n c e n t r a t i o n  w a s  a d j u s t e d  t o  t h a t  
c o r r e s p o n d i n g  t o  t h e  m a x i m u m  p r e s s u r e  r i s e  i n  t h e  e x p l o s i o n  
s e v e r i t y  s c a n s .  T h e  p r o c e s s  of f i l l i n g  t h e  cube r e q u i i e d  a b o u t  
45 m i n u t e s .  

3.3.2 Sesu l t s  and D i s c u s s i o n  
AUTOIGNITION TEMPERATURE (AIT)  TEST RESULTS 

Material UnAirl AI2  
DCS 58 & 5'2 
DCS/H2 255 & 5OC 1 0  m %/DCS/90 m % H2 
R e d i s t r i b u t e d  TCS 1 3 0  & 5OC 1 0  m % DCS, 80 m % TCS, LO m % STC 

I r r e s p e c t i v e  of t h e  p r e c i s e  v a l u e  of t h e  A I T  of D C S  i n  d r y  
a i r ,  i t  i s  c l e a r  t h a t  t h e  thermal  i g n i t i o n  r e q u i r e m e n t s  of s u c h  
mixtures  a r e  ve ry  small. 
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EXPLOSION SEVERITY TEST RESULTS 

(dp/dtI,ax P ( s t a t i c )  P(dynamic)  
Exnt. p=/sec -gSia asia 

DCS 1 1.1 x 106 1 1 2  2 80 
2 1.1 x 1 0 6  125  2 80 
3 0.8 x l o 6  125  225 

DCS/H2 10/90 5.4 1 0 4  90 

H2 2.4 1 0 4  
R e d i s t r i b u t e d  TCS 1 . 2  1 0 3  84 

F i g u r e  1 3  i s  a p l o t  of m a x i m u m  p res su re  r i s e  ( p s i / s e c )  
v e r s u s  c o n c e n t r a t i o n  of DCS i n  a i r .  (Note t h a t  t h e  peak v a l u e  i s  
l e s s  t h a n  f r o m  t h e  a b o v e  t a b l e  w h e r e  h i g h e r  r e s o l u t i o n  o f  t h e  
p r e s s u r e  time c u r v e  was obtained.)  

From t h i s  t e s t  i t  was e s t a b l i s h e d  t h a t  a d e t o n a t i o n  c a n  
occur  w i t h  DCS i n  a c o n f i n e d  system. T h e s e  r e s u l t s  were o b t a i n e d  
f r o m  e q u i p m e n t  t h a t  c o n f i n e s  t h e  c o m b u s t i o n  p r o d u c t s .  I t  i s  
p o s s i b l e  t h a t  t h e  h igh  peak r a t e  of p r e s s u r e  r ise  i s  a f f e c t e d  by 
conf inement ;  however, it m u s t  be assumed t h a t  p a r t i a l l y  c o n f i n e d  
o r  u n c o n f i n e d  v a p o r  c l o u d s  of DCS c o u l d  d e t o n a t e  u n d e r  c e r t a i n  
c o n d i t i o n s .  

HYDROLYTIC TESTS RESULTS 

H y d r o l y t i c  t es t s  showed no i g n i t i o n  when water was added t o  
D C S ,  o r  when DCS was a d d e d  t o  wa..er. The h y d r o l y t i c  r e a c t i o n s  
were a c c o m p a n i e d  by c o p i o u s  f u m i n g  a n d  l e f t  w h i t e  powdered ,  o r  
r u b b e r y  f l ammable  r e s i d u e s .  I n  n e i t h e r  t e s t  was  s p o n t a n e o u s  
i g n i t i o n  of t h e  vapor c loud  observed. 

I n  t h e  t r i a l  i n  w h i c h  DCS was d i s c h a r g e d  i n t o  a p c o l  of 
w a t e r r  t h e  r e s u l t a n t  v a p o r  c l o u d  was s u c c e s s f u l l y  i g n i t e d  w i t h  
t h e  sqi4.b. A flame was a l s o  s u s t a i n e d  i n  t h e  pan, a t  t h i s  p o i n t  
ev,- ,n w h e n  a water  s p r a y  was t u r n e d  on  t h e  pan. R e a c t i o n  b o t h  
b e f o r e  a n d  a f t e r  t h e  d e l i b e r a t c  i g n i t i o n  was n o t  c o n s i d e r e d  

v i o l e n t .  
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These resu l t s  do n o t  c o c c l u s i v e l y  demons t r a t e  t h a t  i g n i t i o n  
c a n n o t  be i n i t i a t e d  by a d d i t i o n  of water, however .  Based o n  
e x p e r i e n c e  o n e  w o u l d  c o n c l u d e  t h a t  n e a r l y  a n y  t h e r m a l 8  
mechLnica1 ,  0 1  c h e m i c a l  r e a c t i o n  e n e r g y  c o u l d  be  s u f f i c i e n t  t o  
i g n i t e  a q i x t u r e  of DCS and a i r .  

C i e a n u p  p r o c c d u r e s  f o r  t h e  f lammable  h y d r o l y z a t e  s h o u l d  
p r a h i b i t  s t o r a g e  i n  closed c o n t a i n e r s  such  a s  t r a s h  c a n s  or bags. 
I f  i n e r a t i o n  is  a v a i l a b l e  as  a d i s p o s a l  t echn ique ,  it would be 
t h e  b e s t  method as  it would c o n v e r t  t h e  material  i n t o  s i l i c a .  

EXPLOSIVE OUTPUT TEST RESULTS 

Two t r i a l s  of  t h e  e x p l o s i v e  o u t p u t  e x p e r i m e n t  were  
conducteL.  The f i r s t  t e s t .  i n  w h i c h  DCS was a d m i t t e d  a s  a gas.  
proceeded by p l a n  Oilly u n t i l  t h e  r e q u i r e z  amowt of DCS had been 
added  t o  t h e  cube. When t h e  v a l v e  on t h e  ( r e m o t e )  D C S  c y l i n d e r  
was c losed,  i g n i t i o n  o c c u r r e d .  U n f o r t u n a t e l y  t h i s  u n p l a n n e d  
i g n i t i o n  o c c u r r e d  w i t h o u t  a n y  p h o t o g r a p h i c  o r  v i s u a l  
d o c u m e n t a t i o n .  The  r e p o r t  was b a r e l y  a u d i b l e  f r o m  t S e  
o b s e r v a t i o n  s t a t i o n s ,  and  t h e  B i k i n i  o v e r p r e s s u r e  g a u g e s  were 
u n a f f e c t e d ,  

The second tes t  was run w i t h  DCS be ing  admi t t ed  a s  a l i q u i d  
s p r a y  t o  prornote mixing  and s h o r t e n  l o a d i n g  time. Subsequent  t o  
l o a d i n s ,  t h e  f a n  was s t a r t e d  a n d  r u n  f o r  one  m i n u t e .  I g n i t i o n  
occurred--as scheduled- -when t h e  s q u i b  was f i r e d .  A s l i g h t  
r e p o r t  was h e a r d ,  b u t  t h e  B i k i n i  g a u g e s  d i d  n o t  i n d i c a t e  b l a s t  
wave o v e r p r e s s u r e s .  B o t h  t r i a l s  p r o d u c e d  a r a p i d  d e f l a g r a t i o n  
wi th  no de tona t ion .  

Based o n  vo lume  of t h e  r e p o r t  and  damage i n c u r r e d  by t h e  
ccbe s t r u c t a r e  i t  was estimated t h a t  t h e  e x p l o s i v e  o u t p u t  was 4-5 

times t h a t  of t h e  propylene  t e s t  Lun a s  a s tmdard .  
T h i s  s e r i e s  of t e s t s  i n d i c a t e s  t h a t  DCS is  u n p r e d i c t a b l e  i n  

behavior  w i t h  respect t o  combustion. I g n i t i o n  may be ir,duced by 
something a s  minor a s  t u r n i n g  a f f  f low through a l i n e .  A l t h o u g h  
d e t o n a t i o n  d i d  n o t  o c c u r  i n  t h i s  t e s t  i t  i s  n o t  p o s s i b l e  t o  s a y  

t h a t  d e t o i a t i o n  c o u l d  n o t  occur i n  a l a r g e r  v a p o r  c l o u d .  G i v e n  
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s u f f i c i e n t  d i s t a n c e  t h e  r a p i d  d e f l a g r a t i o n  o b s e r v e d  c o u l d  
t r a n s f o r m  i n t o  a s u p e r s o n i c  flame f r o n t ,  or de tona t ion .  F a c t o r s  
such as i n i t i a l  t e m p e r s t u r e ,  par t ia l  conf inement ,  and e f f i c i e n c y  
of mixing seem t o  a f f e c t  t h e  combustion p r o c e s s  s i g n i f i c a n t l y .  

3 . 3 . 3  CVD Reactor Explos ion  T e s t  R e s u l t s  
Because of t h e  extreme f i r e  and e x p l o s i o n  haza rd  

a s s o c i a t e d  w i t h  p u r e  d i c h l o r o s i l a n e .  a n  e x p l o s i o n  t e s t  of t h e  
r e a c t o r  s y s t e m  p l a n n e d  f o r  use i n  thc l  " I n t e r m e d i a t e  R e a c t o r  
Deve lopmen t"  p h a s e  of  t h i s  p r o g r a m  was c o n s i d e r e d  n e c e s s a r y  t o  
i n s u r e  t h a t  t h e  sys tem would m a i n t a i n  s u f f i c i e n t  i n t e g r i t y  i n  t h e  
even t  of e x p l o s i o n  w i t h i n  t h e  reactor t o  p reven t  pe r sonne l  i n j u r y  
and minimize  equipment damage. 

Two tests" of r eac to r  h e a t  s h i e l d s  were p e r f o r m e d  a t  t h e  
Dow C h e m i c a l  Company ( L a r k i n  Test L a b o r a t o r y ) .  T h e  f i r s t  
h e a t  s h i e l d  t e s t  u s e d  a n  o l d e r  model  h e a t  s h i e l d  t h a t  d i d  n o t  
m a i n t a i n  i t s  mechanica l  i n t e g r i t y .  The second e x p l o s i o n  t e s t  was 
conducted w i t h  a mod i f i ed  heat  s h i e l d  r e i n f o r c e d  w i t h  three bands 
which ma in ta ined  i t s  i n t e g r i t y .  

3 . 3 . 4  S'unmary of DCS Combustion Hazards 
The H R C  e x p e r i m e n t a l  p rog ram c o n f i r m e d  t h e  

s u s p i c i o n s  t h a t  DCS/air  m i x t u r e s  a r e  b o t h  v e r y  e a s i l y  and  
sometimes u n p r e d i c t a b l y  i g n i t e d ,  and t h a t  t h e  e x p l o s i v e  p o t e n t i a l  
f r o m  s u c h  i g n i t i o n s  i s  u n u s u a l l y  h i g h .  I n  summary,  t h e  low 
b o i l i n g  p o i n t ,  b r o a d  f l a m m a b i l i t y  r a n g e ,  l ow a u t o i g n i t i o n  
t e m p e r a t u r e ,  and  r a p i d  r a t e  of c o n b u s t i o n  c o m b i n e  t o  make 
d i c h l o r o s i l a n e  a much m o r e  h a z a r d o u s  m a t e r i a l  t h a r ,  t r i c h l o r o -  
s i l a n e .  s i l i c o n  t e t r a c h l o r i d e ,  or  hydrogen. A l t e r n a t i v e  d e s i g n s  
a n 3  p rocedures  f o r  t h e  FDU and i n t e r m e d i a t e  2nd advanced r e a c t o r s  
have  a c c o r d i n g l y  b e e n  f o r m u l a t e d  a n d  a r e  d i s c u s s e d  i n  t h e i r  
r e s p e c t i v e  s e c t i o n s .  

4 7  



InformGtion as w e l l  a s  experience indicates  t h a t  DCS can be 
handled sa fe ly .  Sa fe ty  f e a t u r e s  such a s  equipment l o c a t i o n  or 
e x p l o s i o n  c o n f i n e m e n t  m u s t  be c a r e f L l l y  c o n s i d e r e d  and 
implemented a s  required for each system containing DCS, t o  assure 
personnel safety. 
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3 .4 Process Development U n i t  (PDU) E v a l u a t i o n  
3.4.1 O b j e c t i v e s  

T h e  d i c h l o r o s i l a n e  PDU o b j e c t i v e s  were  t o  
des ign ,  c o n s t r u c t f  o p e r a t e f  and  e v a l u a t e  a DCS p r o d u c t i o n / p u r i f  i- 
c a t i o n  s y s t e m  t h a t  wou ld  p r o v i d e  DCS i n  a d e q u a t e  q u a n t i t y  a n d  
q u a l i t y  t o  e v a l u a t e  t h e  decomposi t ion  p r o c e s s  and  p rov ide  scale- 
up i n f o r m a t i o n  n e c e s s a r y  f o r  EPSDU and commercial  des igns .  

The s p e c i f i c  o b j e c t i v e s  were: 
1. Provide  3 5  l b / h r  of DCS. 

2. P r o v i d e  D C S  of  a q u a l i t y  e q u a l  t o  o r  b e t t e r  t h a n  

3.  E v a l u a t e  k i n e t i c s  of t h e  PDU s ca l e  r e d i s t r i b u t i o n  
r e a c t o r .  
D e t e r m i n e  p r e s s u r e  d r o p  v e r s u s  mass f l o w  g p m / f t 2  for 
D o w e D  MWA-1 i o n  exchange r e s i n .  

5. Determine d i s t i l l a t i o n  l i m i t a t i o n s  i n  terms of through 

r e q u i r e d  f o r  p r o d u c t i o n  of s o l a r  g rade  s i l i c o n .  

4 .  

p u t  and  DCS p u r i t y .  

3.4.2 PDU P r o c e s s  D e s c r i p t i o n  
The  d e t a i l e d  p i p i n g  and i n s t r u m e n t  diagram f o r  

t h e  P9U1’ i s  shown i n  F i g u r e  1 4 .  T r i c h l o r o s i l a n e  i s  r e c e i v e d  
f r o m  a p l a n t  s t o r a g e  t a n k  a n d  h e a t e d  i n  a s h e l l  and  t u b e  hea t  
exchanger  (2504). The h o t  TCS i s  passed  through t h e  r e d i s t r i b u -  
t i o n  r e a c t o r  (2502)  , which  c o n t a i n s  Dowe@ MWA-1 i o n  e x c h a n g e  
r e s i n ,  i n  w h i c h  t h e  TCS i s  r e d i s t r i b u t e d  t o  D C S ,  a n d  STC. The 
e f f l u e n t  f r o m  t h e  r e d i s t r i b u t i o n  reac tor  i s  a p p r o x i m a t e l y  1 0 %  
mole DCS, 1 0 %  mole STC and 80% mole TCS. T h i s  m i x t u r e  is f e d  t o  
t h e  d i s t i ’ l a t i o n  column (2501) w h e r e  t h e  DCS is removed overhead 
a s  a v a p o r  a n d  t h e  TCS a n d  STC a r e  removed a s  l i q u i d  from t h e  
b o t t o m  of t h e  column. T h e  DCS i s  mixed  w i t h  h y d r o g e n  and  i s  
d i s c h a r g e d  t o  a f e e d  l i n e  s u p p l y i n g  t h e  decomposi t ion  r eac to r s .*  

* A d e t a i l e d  d e s c r i p t i o n  of t h e  PDU o p e r a t i o n  i s  c o n t a i n e d  i n  
t h e  S i x t h  Q u a r t e r l y  P r o g r e s s  Report  on Ccntract 955533. 
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Equipment i d e n t i f i e d  i n  F i g u r e  1 4  i n c l u d e s :  

1. 

2. 

3 .  

4 .  

5. 

6. 

7. 

8. 

Feed  t a n k .  
t ank  f o r  t r i c h l o r o s i l a n e .  

HSC s t o r a g e  t a n k  i s  u s e d  a s  t h e  f e e d  s u p p l y  

The f e e d  pump i s  a Chempump, model GB1 1/2K-751H-lS w i t h  
a 5-1/2 i n c h  i m p e l l e r .  

T k e  f e e d  h e a t e r  ( 2 5 0 4 )  i s  a i l o y l e  a n d  R o t h  M o d e l  
LLS66U4-HH w i t h  1 3  s q u a r e  f e e t  of  s u r f a c e  area. I t  i s  
h e a t e d  w i t h  steam on t h e  s h e l l  s i d e  a n d  t h e  TCS f l o w s  
th rough  t h e  tubes.  

The r e d i s t r i b u t i o n  r e a c t o r  (2502) i s  a 3 inch  by 1 4  f o o t  
p i p e  f i l l e d  w i t h  D o w e B M W A - 1  r e s i n .  The c a t a l y s t  i s  
c o n t a i n e d  by Mack I r o n  s t r a i n e r s  w i t h  6 5  mesh screen .  

The s t r a i n e r  i s  a F i l t e r i t e  Nodel GlOAW20S w i t h  G20AW20S 
e l e m e n t s  and 10520-031 gaske t s .  

T h e  d i s t i l l a t i o n  co lumn (2501)  i s  a 10 i n c h  by 30 f o o t  
co lumn w i t h  Good loe  p a c k i n g .  T h e r e  a r e  8.5 f e e t  of 
p a c k i n g  a b o v e  t h e  f e e d  t r a y  a n d  6.5 f e e t  of p a c k i n g  
b e i  ow. 

The r e b o i l e r  (2503)  i s  a Doy le  a n d  R o t h  Model VT661-4V 
s h e l l  and t u b e  r e b o i l e r  w i t h  20 s q u a r e  f e e t  of s u r f a c e .  
T h e  r e b o i l e r  h a s  s t e a m  o n  t h e  s h e l l  s i d e  a n d  
c h l o r o s i l a n e s  i n  the tubes.  

The condenser  (2505) is a Doyle and Roth Model VS66U4-8H 
w i t h  25 s q u a r e  f e e t  of area.  S e r v i c e  water  i s  in t h e  

t u b e s  and c h l o r o s i l a n e s  i n  t h e  s h e l l .  
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3 - 4 . 3  Three-Inch-Diameter R e d i s t r i b u t i o n  Reac tor  
C a t a l y s t  p r e s s u r e  d r o p  a n d  c a t a l y s t  k i n e t i c  

p e r f o r m a n c e  were e v a l u a t e d .  Data c o l l e c t i o n  was a c c o m p l i s h e d  
u s i n g  p r e s s u r e  g a u g e s  l o c a t e d  i m m e d i a t e l y  b e f o r e  a n d  a f t e r  t h e  
r e d i s t r i b u t i o n  r e a c t o r .  P r e s s u r s  d r o p  th rough  both  con ta inmen t  
s c r e e n s  was measured. 

E m p i r i c a l  r e l a t i o n s h i p s  were developed t o  a l l o w  sca l e -up  of 
t h e  r e d i s t r i b u t i o n  system. 
i o n  e x c h a n g e  r e s i n  w i t h  TCS ( 8 0 - 9 O o C )  a s  t h e  f l o w i n g  f l u i d ,  
p r e s s u r e  d r o p  v e r s u s  f l o w  ( F i g u r e  1 5 )  c a n  b e  e x p r e s s e d  by t h e  
em pi  r ica l  re1 a ti onsh ip. 

For a n  11 f t .  deep bed of Dowe@ MWA-1 

Y = 0.0611 (X) + 0.0387 

where 
Y = p r e s s u r e  d r o p  p e r  f o o t  of c a t a l y s t  bed ,  i n  

X = f low of l i q u i d ,  i n  g a l / m i n i f t * ,  area open t u b e  

T h i s  c o r r e l a t i o n  shou ld  n o t  be used beyond 20 g a l / m i n / f t 2  because  
p ressure  d r o p  v e r s u s  f l o w  i s  n o t  n o r m a l l y  a s t r a i g h t  l i n e  
f u n c t i o n  as  expres sed  above. However t h e  e x p r e s s i o n  i s  a d e q u a t e  
f o r  d e s i g n  pu rposes  w i t h i n  t h e  s p e c i f i e d  o p e r a t i n g  range,  because  
t h e  o p e r a t i n g  range  approx ima tes  l i n e a r i t y .  

D u r i n g  n o r m a l  o p e r a t i o n  s o m e  f o u l i n g  o f  t h e  6 5 - m e s h  
c o n t a i n m e n t  s c r e e n s  o c c u r r e d .  A s i m p l e  r e v e r s e - f l o w  n i t r o g e n  
purge proved t o  be successful i n  d i s l o d g i n g  t h e  f o r e i g n  material .  
r ' r e s s u r e  d r o p  r e t u r n e d  t o  n o r m a l  a f t e r  L s i n g  t h e  r e v e r s e - f l o w  
n i t r o g e n  purge method. 

K i n e t i c  p e r f o r m a n c e  of t h e  3 "  d i a m e t e r  r e d i s t r i b u t i o n  
r e a c t o r  i s  p r e s e n t e d  i n  F i g u r e  16. F i g u r e  1 6  i s  a p l o t  of 
p e r c e n t  of t h e r m o d y n a m i c  e q u i l i b r i u m  v e r s u s  t e m p e r a t u r e  f o r  
t r i c h l o r o s i i a n e  f l o w s  of 400 and 650 lb /hr .  Res ides  f low r a t e  
a n d  f e e d  t e m p e r a t u r e  d a t a ,  c o m p o s i t i o n  d a t a  f o r  s t i l l  f e e d ,  
overheads,  and bo t toms  were o b t a i n e d  by G C  a r q l y s i s .  Data were 
m a n i p u l a t e d  t o  f o r m  a ~ J S S  b a l a n c e  of t h e  s y s t e m  t o  d e t e r m i n e  

p s i g ,  e x c l u d i n g  1 i q u i d  head c o n t r i b u t i o n ,  and 

c r o s s  s e c t i o n a l  a r e a  of r e a c t o r .  
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STC/TCS observed ,  f o r  comparison t o  STC/TCS t h e o r e t i c a l ,  based on 
f e e d  composi t ion .  

3 .4 .4  Five-Inch-Diameter R e d i s t r i b u t i o n  Reac to r  
P r e s s u r e  d r o p  v e r s u s  f l o w  r a t e  shown i n  F i g u r e  1 5  

i n d i c a t e d  t h a t  t h e  e m p i r i c a l  r e l a t i o n s h i p  d e v e l o p e d  f o r  t h e  3" 
d i a m e t e r  r e d i s t r i b u t i o n  reactor be used f o r  t h e  5" diameter (11 
f t .  packed bed) r e d i s t r i b u t i o n  r e a c t o r  up t o  24 gal/min. f t 2 .  

K i n e t i c  p e r f o r m a n c e  of t h e  5" d i a m e t e r  r e d i s t r i b u t i o n  i s  
shqwn i n  F i g u r e  17. Data i n d i c a t e  t h a t  f o r  i d e n t i c a l  f low rates,  
t h e  s l i g h t l y  l a r g e r  r e s i d e n c e  t i m e  i n c r e a s e s  t h e  p e r c e n t  of 
thermodynamic e q u i l i b r i u m  ach ieved  from TCS t o  DCS f o r  t h e  same 
l e n g t h  col  r lmi is .  

3.4.5 D i s t i l l a t i o n  Performance 
D i s t i l l a t i o n  pcr iormance  was i n v e s t i g a t e d  r e l a t i v e  t o  

f e e d  r a t e  a n d  r e f l u x  r a t e .  The raw d a t a  a r e  p r e s e n t e d  i n  T a b l e  
7. T e s t s  1 t h r o u g h  6 were c o m p l e t e d  u s i n g  t h e  3"  d i a m e t e r  
r e d i s t r i b u t i o n  r e a c t o r ,  w h i l e  tes t  7 was comple ted  u s i n g  t h e  5" 
d i a m e t e r  r e d i s t r i b u t i o n  r e a c t o r .  T e s t  7 i s  d e t a i l e d  i n  F i g u r e  
18. 

From t h e  c o m p o s i t i o n a l  d a t a  t h e r e  a re  no r e f l u x  c o n d i t i o n s  
w h i c h  y i e l d  low p e r c e n t  TCS i n  t h e  s t i l l  o v e r h e a d s  a n d  low 
p e r c e n t  DCS i n  t h e  s t i l l  bo t toms  f o r  t h e  650 l b / h r ,  o r  1000 l b / h r  
f e e d  cond i t ion .  

The  400  l b / h r  f e e d  c o n d i t i o n  o p e r a t e d  s u c c e s s f u l l y  up t o  750 

An e m p i r i c a l  s c a l i n g  d e s i g n  f o r  DCS d i s t i l l a t i o n  s y s t e m s  
pounds per  hour r e f l u x .  

c o n f i g u r e d  and o p e r a t e d  as  t h e  cur ren t  column f o l l o w s :  
D = 1 0  DCS Rate 

L . 5  
where 

D = d iame te r  of new column, i n c h e s  
DCS Rate = d e s i r e d  DCS c a p a c i t y ,  l b / h r .  
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TABLE 7. DISTILLATION PERFORMANCE DATA 

Test 1 

Feed Rate l b / h r .  400 

Overhead Take 31.5 

R e f l u x  l b / h r .  550 
Column P r e s s u r e ,  60 

Feed Temp. O C  90 

O f f  l b / h r .  

P s i g  

Overhead Composition 

Mole 8 MCS 3.8 
DCS 96.2 
TCS 0 . 3 4  
S TC 0 

Bottoms Composi t ion  

Mole % DCS 0 02 
TCS 88  .O 
STC 11.8 

2 

400 
87 
30.1 

7 50 
60 

3 .1 
94.8 

2 0 1  
0 

0 02 
88  .O 
11.8 

3 

40 0 
88  
32.9 

97 0 
60 

3.1 
90.7 

6.2 
0 

0.8 
87.8 
11.3 

4 

6 50 
89 
39.9 

500 
60 

3 04 
95 09 

3 07 
0 

3 .O 
87 -! 

9 09 

Approximate Feed ComIJosition For A l l  Cases 

5 

6 50 
92 
40.6 

7 50 
60 

3 04 
91.2 

5 04 
0 

3 03 
87.1 

9 09 

6 7 

650 1000 
82  
39.3 82 

950 
6 0  

3 05 
8 7 , 5  

8.7 
0 

2 .c 
87.1 
10.4 

700 
60 

4 .O 
83 . O  
1 3  .O 
0 

6 .O 
82 .O 
1 2  .o 

Mole % MCS 0.3 
DCS 11.3 
TCS 78.1 
STC 1 0 . 2  
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FIGURE 18. 

5" DIAMETER REDISTRIBUTION REACTOR 

PDU CONDITIONS AT CAPACITY 

6OoC 
60 PSIG 82 # / T ? R  

4 %  MCS ' 700 #/HR 8 3 %  DCS 
13% TCS 

-3 

~ !;:: #/HR ~ 2 ' 
5" Diameter 0.3% MCS 
Redistribution 12.3% DCS . 
Reactor L 76.4% TCS 

!.1.0% STL: 

88OC 1 
1000 #/HR 

d 
3% DCS 

97% TCS 

918 # ~ H R  -+ 
6% DCS 

82% TCS 
12% STC 
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Feed and r e f l u x  r a t e  are a s  related t o  a Gonstant  term (K) 
Feed = 400=R, l .b/hr. 

K = DCS Rate 
31.5 

R e f l u x  = 550.K, l b / h r .  
Us ing  t h i s  e m p i r i c a l  r e l a t i o n s h i p  p r o v i d e d  a d e s i g n  t h a t  

y i e l d e d  3 C S  a t  desired rates w h i l e  a l l o w i n g  n e g l i g i b l e  (0.04 mole 
pe:cent TCS) TCS i n  t h e  s t i l l  o v e r h e a d s  and o n l y  0.2 mo le  
p e r c e n t  i o s s  of DCS i n  t h e  s t i l l  b o t t c a s .  S c a l i n g  up  a 1 0 0 0  

MT/yr p l a n t  u s i n g  t h e s e  e m p i r i c a l  r e l a t i o n s h i p s  r e s u l t e d  i n  a 
co lumn 94  i n c h e s  i n  diameter. One  s h o u l d  e v a l u a t e  a l t e r n a t e  
d i s t i l l a t i o n  column d e s i g n s  t o  de t e rmine  economic o p t i m i z a t i o n  
p r i o r  t o  s e l e c t i n g  a c o l u m n  d e s i g n e d  by t h i s  e m p i r i c a l  
r e l a t i o n s h i p .  

3 .4 .6  Discuss ion  
Throughou t  t h e  p rogram t o  manufacture  D C S ,  t ' le 

p r o c e s s  d e v e l o p m e n t  u n i t  had p e r i o d i c  m a i n t e n a n c e  ( m i n o r  arid 
m a j o r )  s a f e l y  p e r ' o r n e d  on  It.  On l i n e  times g r e a t e r  t h a n  95% 
were demonstrated h r i n g  p e r i o d s  of t h e  c o n t r a c t .  
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3.5 I n t e r m e d i a t e  Reac tor  Development 
3.5.1 O b j e c t i v e s  

The s a f e  a n d  e f f i c i e n t  p r o d u c t i o n  of  p o l y -  
c r y s t a l l i n e  s i l i c o n  from commerc ia l ly  purchased  d i c h l o r o s i l a n e ,  
a s  w e l l  a s  t h e  d i c h l o r o s i l a n e  p r o d u c e d  by t h e  p r o c e s s  
dzvelopment  u n i t  (PDU) i n s t a l l e d  a t  HSZ. was demons t r a t ed  i n  a n  
i n t e r m e d i a t e  s i z e d  r e a c t o r .  T h i s  t a s k  i n c l u d e d  t h e  f o l l o w i n g  
s p e c i f i c  

1. 

CI 
L .  

3 .  

4.  

g o a l s  : 
D e s i g n  a n d  i n s t a l l a t i o n  of a r e a c t o r / f e e d  s y s t e m  f o r  
s a f e  h a n d l i n g  of DCS f rom a 250 pound c y l i n d e r  source.  
I n s t a l l a t i o n  a n d  c h e c k o u t  of a g a s  c h r o m a t o g r a p h i c  
a n a l y  ti cal  s uppor t system. 
I n t e g r a t i o n  of t h e  i n t e r m e d i a t e  s i z e d  r e a c t o r  w i t h  t h e  
d i c h l o r o s i l a n e  PDU. The r e a c t o r / r e a c t o r  f e e d  s y s t e m  
u s i n g  p u r c h a s e d  d i c h l o r o s i l a n e  c o n t a i n e d  i n  250 pound 
c y l i n d e r s  provided  d a t a  t o  e s t a b l i s h  b a s e l i n e  c o n d i t i o n s  
f o r  i n t e g r a t e d  reactor/PDU operatLon. 
C o l l e c t i o n  a n d  e v a l u a t i o n  of o p e r a t i o n a l  d a t a  on  t h e  
DCS/hydrogen r e a c t o r  system. 

3 -5.2 I n t e r m e d i a t e  Reac tor  O p e r a t i o n  
Two HSC p r o d u c t i o n  r e a c t o r s  no rma l ly  u5.d f o r  t h e  

p r o d u c t i o n  of s i l i c o n  r o d s  f c r  use i n  t h e  f l o a t  z o n e  c r y z t a l  
g r o w i n g  p r o c e s s  were  u s e d  i n  e v a l u a t i n g  d i c h l o r o s i l a n e  
d e c o m p o s i t i o n  c h a r a c t e r i s t i c s .  R e a c t o r  n o d i f  i z a t i o n s  w e r e  
minimal.  They c o n s i s t e d  c;f h e a t  s h i e l d  r e i n f o r c e m e n t  t o  a s s u r e  
c o n t a i n m e n t  of p o t e n t i a l  DCS/H2/a i r  e x p l o s i o n s .  a n ?  f e e d  
d i s t r i b u t i o n  sys t ems  which p e r m i t t e d  DCS and TCS t o  be f e d  t o  t h e  
r e a c t  o r  . 

P r i o r  t o  i n t a g r a t i n g  r e a c t o r  o p e r a t i o n  w i t h  t h e  DCS-PDLJ, 
f o u r  d e p o s i t i o n  r u n s 1 6  were conducted u s i n g  DCS packaged i n  250  
l b .  c y l i n d e r s  t h a t  were p r o v i d e d  by a n  o u t s i d e  vendor .  Data 
c o l l e c t e d  on these f o u r  r e l a t i v e l y  s h o r t  d e p o s i t i o n  e x p e r i m e n t s  
were c o u p l e d  w i t h  t h e  r e s u l t s  or' t h e  p r e v i o u s l y  d e s c r i b e d  

d e s i g n e d  e x p e r i m e n t  c o n d u c t e d  i n  a s m a l l  r e a c t o r  t o  e s t a b l i s h  

6 0  



i n i t i a l  o p e r a t i n g  c o n d i t i o n s  for t h e  i n t e g r a t e d  s y s t e m .  
Fol lowing  comple t ion  of t h e  f o u r  e x p e r i m e n t a l  runs  u s i n g  c y l i n d e r  
s u p p l i e d  DCS, t h e  DCS-PDU was put  i n t o  o p e r a t i o n .  DCS was p u t  
i n t o  t h e  r e a c t o r  f e e d  l i n e s  and t h e  t o t a l  system s a f e t y  tested. 

T h e  m a j o r  r e a c t o r  p e r f o r m a n c e  c h a r a c t e r i s t i c s  of  i n t e r e s t  
were: s i l i c o n  d e p o s i t i o n  rate, s i l i c o n  convers ion  e f f i c i e n c y ,  and 
power consumption. Based on t h e  p r e l i m i n a r y  des ign  of t h e  1000 
T/Y p l a n t  2nd t h e  r e s u l t i n g  e c o n o m i c  a n a l y s i s  of  t h e  p r o c e s s  a t  
tts 1000 T/Y p roduc t ion  rate, t a r g e t  v a l u e s  f o r  t h e s e  p a r a m e t e r s  
were: 

S i l i c o n  d e p o s i t i o n  rate 2 gh-lcm-l 
Conversion e f f i c i e n c y  40 mole % 

Power consumption 60 kWh/kg 
( a t  r e a c t o r  1 

w h e r e  t h e  d e p o s i t i o n  r a t e  is e x p r e s s e d  i n  terms of w e i g h t  p e r  
u n i t  l e n g t h  of d e p o s i t i o n  s u b s t r a t e  i n  t h e  r e a c t o r ,  c o n v e r s i o n  
e f f i c i e n c y  is d e f i n e d  a s  t h e  r a t i o  of s i l i c o n  p r o d u c e d  by t h e  
s i l i c o n  f e d ,  a n d  p o w e r  c o n s u m p t i o n  i s  measured a t  t h e  
decomposi t ion r e a c t o r .  A l l  r e a c t o r  run d a t a  and e v a l u a t i o n s  have 
been  r e p o r t e d  a s  r u n  a v e r a g e s  u n l e s s  o t h e r w i s e  s t a t e d .  I n  
a d d i t i o n  t o  r e a c t o r  p e r f o r m a n c e  e v a l u a t i o n ,  mass b a l a n c e  
i n f o r m a t i m  was c o l l e c t e d  by g a s  chromatography d u r i n g  o p e r a t i o n  
of t h e  i n t e r m e d i a t e  s i z e d  r e a c t o r .  

3.5.3 I n t e r m e d i a t e  Reac tor  Performance 
I n i t i a l  b a s e l i n e  o p e r a t i n g  c o n d i t i o n s  w e r e  

e s t ab l i shed  us ing  m a t e r i a l  (DCS) s u p p l i e d  from 2 5 0  lb .  c y l i n d e r s .  
Once t h e  DCS-PDU was i n t e g r a t e d  w i t h  t h e  r e a c t o r  sys tem,  rouc ine  
o p e r a t i o n  was a c h i e v e d .  I n  one y e a r  of o p e r a t i o n  more t h a n  1 0 0  
r e a c t o r  r u n s  were completed i n  each r e a c t o r .  

Reactor  performance was e v a l u a t e d  f o r  f o u r  b a s i c  o p e r a t i n g  
c o n d i t i o n s  a t  c o n s t a n t  rod t e m p e r a t u r e  ( a p p r o x i m a t e l y  1O5O0C). 
Ope t i n g  c o n d i t i o n s  a r e  i d e n t i f i e d  a s  A ,  B, C r  & D for 
a b b r e v i a t i o n  and cor respond t o  t h e  f o l l o w i n g  parameters :  
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1w MQk%RBm . .  
A 6 
B 6 

C 6 
D 4 

Performance data on d e p o s i t i o n  r u n s  v a r y i n g  i n  t ime from 4 t o  87 

hor i r s  i n  l e n g t h  a n d  p r o d u c i n g  s i l i c o n  r o d s  o f  12 t o  96 m m  
diameter are p r e s e n t e d  i n  T a b l e s  8 through 11 f o r  each feed rate. 

3.5.3.1 R e s u l t s  
R e a c t o r  p e r f o r m a n c e  da ta  h a v e  b e e n  

e v a l u a t e d  a n d  n o r m a l i z e d  f o r  50  m m  a n d  80 m m  r o d  diameters a n d  
are shown i n  Table 12 as run  ave rage  results.  

E x a m i n a t i o n  of t h i s  t a b l e  i n d i c a t e s  t h a t  l o w e r  d e p o s i t i o n  
r a t e ,  c o n v e r s i o n ,  and  h i g h e r  power c o n s u m p t i o n  o c c u r  a t  t h e  
smaller  r o d  diameter.  A l s o  t h e  t r a d e  o f f  b e t w e e n  s i l i c o n  
d e p o s i t i o n  r a t e  (and  power  c o n s u m p t i o n )  a n d  c o n v e r s i o n  c a n  be 
seen by examinat ion  of t h e  v a l u e s  for Cond i t ions  C and C. 

S i l i c o n  d e p o s i t i o n  v e r s u s  run t i m e  is p r e s e n t e d  i n  F i g u r e  1 9  
f o r  t h e  f o u r  r e a c t o r  o p e r a t i n g  cond i t ions .  S i l i c o n  d e p o s i t i o n  i n  
t h i s  p l o t  is  t h e  " r u n  a v e r a g e "  s i l i c o n  d e p o s i t i o n  ra te .  F i g u r e  
20 and 21 i l l u s t r a t e  run  average  convers ion  and power consumption 
r e s p e c t i v e l y  . 

T h e  r e s u l t s  a r e  s u f f i c i e n t  t o  d e t e r m : n e  p a r a m e t r i c  t r a d e -  
o f f s  between d e p o s i t i o n  ra te ,  convers ion  power consumption 
for i n t e r m e d i a t e  r e a c t o r  ope ra t ion .  The d e p s i t i o n  r a t e  g o a l  of 
2.0 gh-1cm-l was ach ieved  w i t h  Condi t ion  C a t  t h e  expense of t h e  
convers ion  goa l  (40  mole p e r c e n t ) ,  w h i l e  t h e  conve r s ion  goa l  was 
exceedeci w i t h  Condi t ion  D a t  t h e  expense of t h e  d e p o s i t i o n  goal.  
The 6 0  kWh/kg t a r g e t  va lue  f o r  power c o n s u r p t i o n  was n o t  achieved  
i n  t h e  i n t e r m e d i a t e  r e a c t o r .  However, power consumption of 85-95 
kWh/kg was r o u t i n e l y  achieved. 
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TABLE 1 2  . SUMMARY OF DICHLOROSILANE PERFORMANCE FOR INTERMEDIATE 
REACTOR 

SILICON DEP 

1 .40  

ROD DIAMETER 

A 

B 

C 

D 

CONVERSION 1 POWER CONSUMPTION 
(Mole %) 1 ( k W h / k g )  

34 - 4  9 2 . 8  

1 .65  

1 .44  

1 . 5 1  

3 0 . 8  I 84.3  

38 .8  ! 95 .7  

1 32.0 I 

ROD DIAMETER 
ETER ' 

CONDITIO- 

A 

B 

C 

D 

91 .8  

80 W D  DIAMETER 
S I L I C O N  DE SIT  ON CONVERSION POWER CONSUMPTION 

RATE ( g h q c m - f )  (Mole % )  (kWh/kg)  .-_ - - - . 

1 . 5 9  37 - 5  89 .6  

1 . 7 4  35 .O 8 8 . 8  

2 -00 35 .1  82 .O 

1 . 6 1  41 .6 93 09 
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D u r i n g  o p e r a t i o n  of t h e  i n t e r m e d i a t e  r e a c t o r s ,  d a t a  f o r  
d e t e r m i n i n g  mass b a l a n c e  were c o l l e c t e d  by g a s  ch romatograph ic  
a n a l y s i s  of  t h e  g a s e o u s  f eed  a n d  v e n t  streams of  t h e  reac".rs. 
Data f o r  r e a c t o r  c o n d i t i o n s  A t h r o u g h  D a r e  p r e s e n t e d  i n  T a b l e s  
1 3  t h r o u g h  1 6  a n d  F i g u r e s  22 a n d  23 r e s p e c t i v e l y .  T h i s  da t a  i s  
" i n s t a n t a n e o u s "  i n  t h e  f a c t  t h a t  i t  i s  a m e a s u r e  of t h e  p r o d u c t  
d i s t r i b u t i o n  a t  a p a r t i c u l a r  time i n  a d e p o s i t i o n  run. The data 
wece  m a n i p u l a t e d  t o  f o r c e  b o t h  s i l i c o n  a n d  c h l o r i n e  b a l a n c e s .  
T h i s  data a n a l y s i s  t echn ique  produced c o n s i s t e n t  r e su l t s  compared 
t o  b a l a n c i n g  on ly  t h e  s i l i c o n  o r  c h l o r i n e  independent ly .  

I t  s h o u l d  b e  n o t e d  t h a t  c o n v e r s i o n  e f f i c i e n c i e s  f o r  
C o n d i t i o n s  A t h r o u y h  C a r e  v e r y  s i m i l a r  ( F i g u r e  20). Not 
s u r p r i s i n g l y ,  v e n t  p r o d u c t s  a r e  v e r y  s i m i l a r  a t  t h e  same r o d  
diameter. Therefore ,  F i g u r e  22 is  t y p i c a l  of C o n d i t i o n s  A, B, C 

and F i g u r e  23 is t y p i c a l  of Cond i t ion  D. 

For  c o m p a r i s o n  p u r p o s e s  r e a c t o r  v e n t  p r o d u c t s  a t  3 A a n d  80 
m m  r o d  d i a m e t e r s  a r e  shown i n  T a b l e  17 .  S i l i c o n  d e p o s i t e d  i s  
i n c r e a s e d  a n d  un reac ted  d i c h l o r o s i l a n e  g r e a t l y  r e d u c e d  a t  t h e  
l a r g e r  rod diameter. 

3.5.3.2 Litermediate Reac tor  O p e r a t i o n a l  Problem 
The o n l y  p r o b l e m  of a n y  c o n s e q u e n c e  

t h a t  occu r red  du r ing  r e a c t o r  o p e r a t i o n  was s i l i c o n  d e p o s i t i o n  on 
t h e  b e l i  j a r  wall. T h i s  d e t r i m e n t a l  e f f e c t  r e s u l t e d  i n  reduced 
b e l l  j a r  l i f e t i m e .  To q u a n t i f y  t h e  m a g n i t u d e  of t h i s  p r o b l e m  
d a t a  were c o l l e c t e d  by a c t u a l l y  weighing t h e  b e l l  j a r  b e f o r e  and 
a f t e r  e a c h  r e a c t o r  r u n .  T h e  d a t a  i n d i c a t e d  h a t  s i l i c o n  
d e p o s i t i o n  on t h e  b e l l  j a r  i n c r e a s e s  w i t h  t h e  number of r u n s  made 
f r o m  1.0% s i l i c o n  d e p o s i t e d  per k i l o g r a m  of s i l i c o n  p r o d u c e d ,  
when t h e  b e l l  j a r  is new, t o  7.7% s i l i c o n  d e p o s i t e d  p e i  k i log ram 
s i l i c o n  p r o d u c e d  a s  b e l l  j a r  l i f e  t ime i n c r e a s e s .  T y p i c a l  
s i l i c o n  d e p o s i t  a f t e r  s e v e r a l  r'uns is d e p i c t e d  i n  F i g u r e  '4. 

The data ind ica te  t h a t  t h e  most s e r i o u s  d e p o s i t i o n  o c c u r r e d  
i n  t h e  b e l l  j a r  dome a r e a  w i t h  p r o g r e s s i v e l y  less d e p o s i t i o n  from 
t o p  t o  b o t t o m  on  t h e  s i d e  w a l l s .  T h e  w e i g h t  of  s i l i c o n  

7 1  
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TABLE 1 7 .  SUMMARY OF INSTANTANEOUS MASS BALANCE FOR INTERMEDIATE 
REACTOR 

PARAMETER SILIC’IN H CL 

- 
1 ROD DIAMETER\ 50  EIM ROD DIAMETER I 

1 
PARAMETER SILICON H CL DCS 1 TCS STC 

-__( 

I 

i 
CONDITION (MOLES/100 MOLES S I  FED) 

I 
, A, B, C 36.6 6.6 I 12.6 35.8 13.9 I 

i 

D I 38.1 11.2 1 11.2 i 41.4 13.0 ! 

I I 1 

DCS TCS I STC I 

I A, B r  C 43 08 11.4 

D 45.8 20 00 

7 8  

-- 

I 20.6 3.6 31.9 

4.2 40.9 17.9 
I I 



Figure 24. Bell Ja r  Silicon Deposition (Model 8D Reactor) 

T r a n s i t i o n  Snooth to 
Nodular S i l i c o n  
(4.040" t o0 .3 "  t h i c k n e s s )  

- 

30 i n c h e s  

- Smooth Silicon 
(CO.040" t h i c k n e s s )  

--------------to i n c h e s  

None 

- -0 i n c h e s  
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d e p o s i t i o n  on t h e  q u a r t z  b e l l  j a r  i n c r e a s e d  w i t h  each  succeed ing  
r u n  u n t i l  t h e  d e p o s i t  was s o  t h i c k  t h a t  t h e  c o e f f i c i e n t  of 
expans ion  was g r e a t  enough t o  break t h e  b e l l  jar .  

The f o l l o w i n g  c o n c l u s i o n s  were d rawn  froin o b s e r v e d  DCS 

decomposi t ion:  
- Rod d iameters  g r e a t e r  t h a n  75 rnm r e s u l t  i n  s i l i c o n  

d e p o s i t i o n  o n  t h e  b e l l  j a r  a n d  may c o n t r i b u t e  t o  b e l l  gar 
breakage.  

- S i l i c o n  d e p o s i t i o n  on t h e  b e l l  j a r  is cumula t ive .  
- Lower DCS feed c o n c e n t r a t i o n  does  n o t  have a s i g n i f i c a n t  

e f f e c t  on s i i i c o n  d e p o s i t i o n  on  t h e  b e l l  j a r  f o r  l a r g e  
diameter rods. 

3 - 5 . 3 . 3  Reactor O p e r a t i o n  M o d i f i c a t i o n s  
I n  order  t o  a l l e v i a t e  t h e  p r o b l e m  of  

s i l i c o n  d e p o s i t i o n  on t h e  b e l l  j a r ,  t w c  m e t h o d s  o f  r e m o v i n g  
s i l i c o n  were e v a l u a t e d  u s i n g  p o s t - r u n  H C 1  e t c h  a n d  mixed  f e e d  
(dichlorosilanc/trichlorosilane) 

S i l i c o r .  was removed f r o m  t h e  b e l l  j a r  by f e e d i n g  H C 1  and  
hydrogen  t o  t h e  r e a c t o r  a f t e r  t h e  r u n  was c o m p l e t e .  Thermo- 
d y n a m i c a l l y ,  s i l i c o n  p r e f e r e n t i a l l y  e t c h e s  f r o m  t h e  b e l l  j a r  
r a t h e r  t h a n  t h e  s i l i c o n  rod .  A 5 h o u r  H C 1  e t c h  was used  a f t e r  
runs  were completed.  Tab le  1 8  and 1 9  show s e v e r a l  r u n s  made w i t h  
t h e  p o s t - r u n  H C i  e t c h .  R e s u l t s  f o r  s i l i c o n  f e d ,  s i l i c o n  
d e p o s i t i o n ,  and c o n v e r s i o n  a r e  run averages .  

Once s i l i c o n  has  been d e p o s i t e d  on t h e  i n s i d e  of a b e l l  j a r ,  
t h e  o u t s i e e  b e l l  jar  c o l o r  becomes gray-whi te  when f i r s t  observed 
a f t e r  a run .  The b e l l  j a r  was checked  on a n  h o u r l y  b a s i s  upon 
H C 1  i n t r o d u c t i o n .  T h e  p o s t - r u n  H C 1  e t ch  g r a d u a l l y  t o o k  t h e  
s i l i c o n  d e p o s i L  f r o m  t h e  w a l l s  of t h e  b e l l  j a r .  S u c c e s s i v e  
o b s e r v a t i o n s  i i c a t e d  t h i s  because b e l l  j a r  c o l o r  was changing 
u n t i l  i t  was g l Q w i r l g b r i g h t r e d .  B e l l  j a r  l i f e  t ime i n c r e a s e d  by 
a f a c t o r  of 2 t o  3 t i m e s  ( 5 0 0  t o  7 0 0  h o u r s )  d u r i n g  t h e  c o u r s e  of 
t h e  p o s t - r u n  H C 1  e t c h  e x p e r i m e n t s .  E x p e r i m e n t s  were s c i l l  i n  
p r o g r e s s  a t  t h e  c o n c l u s i o n  of t h e  c o n t r a c t .  
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The impact of t r i c h l o r o s i l a n e  r ep lacemen t  of d i c h l o r o s i l a n e  
i n  t h e  CVD r e a c t o r  f e e d s t o c k  was i n v e s t i g a t e d  i n  t h e  i n t e r m e d i a t e  
r e a c t o r .  T h i s  me thod  i n t r o d u c e d  t r i c h l o r o s i l a n e  i n t o  t h e  
d i c h l o r o s i l a n e  f e e d  m i x t u r e  t o  produce more HC1. The H C 1  e t c h e d  
s i l i c o n  from t h e  b e l l  j a r  d u r i n g  t h e  c o u r s e  of a d e p o s i t i o n  run. 
Nine r u n s  were comple ted  u s i n g  t h i s  t e c h n i q u e  and can be found i n  
T a b l e s  1 8  a n d  1 9 ,  r u n s  324-398 t h r o u g h  324-501 a n d  r u n s  325-528 
th rough  325-532 r e s p e c t i v e l y .  A l l  r e a c t o r  parameters ( f eed  rate.  
t o t a l  c h l o r o s i l a n e  f e e d  c o n c e n t r a t i o n ,  r u n  t ime,  r e a c t o r  
c o n f i g u r a t i o n ,  etc.) were h e l d  c o n s t a n t  w h i l e  t h e  mole r a t i o s  of 
d i c h l o r o s i l a n e  and  t r i c h l o r o s i l a n e  were va r i ed .  

O b s e r v a t i o n  of t h e  b e l l  j a r  t o o k  p l a c e  a t  t h e  end  of r u n s .  
The mixed f e e d  was n e t  a s  e f f e c t l r e  a t  removing s i l i c o n  from t h e  
b e l l  j a r  a s  o r i g i n a l l y  p o s t u l a t e d  s i n c e  t h e  b e l l  j a r  c o l o r  was 
g r a y - w h i t e  a t  t h e  e n d  of runs .  C o n s e q u e n t l y ,  2 o s t - r u n  tic1 e t c h  
was u s e d  t o  c o m p l e t e  t h e  r e m o v a l  of s i l i c o n  f r o m  t h e  b e l l  j a r .  

T h e  H C 1  a n d  TCS v e n t  p r o d u c t s  o b s e r v e d  d u z i n g  t h e s e  
expe r imen t s  a r e  shown below: 

I n s t a n t a n e o u s  Data a t  5C mm Rod Diameter 
DCS % of % 

Chl o r  o- Conver s i on Moles i n  V e n t / 1 0 0  Moles Si Fed 
mSilicon U ~ m T C s ~  

0 24 .4  55.2 0.0 3.3 50.8 21.5 
25 27.8 37.3 0.3 3.5 43.8 25.0 
50 31 .O 26.0 0 . 4  4.0 40.8 23.0 
75 34.8 17.7 0.5 4.6 37.9 23.0 

100 40.4 1 2 . 4  0.2 7 .6 37.8 1 4 . 1  

I n  g e n e r a l ,  t h e  h i g h e r  DCS c o n c e n t r a t i o n  d a t a  f i t  more  
c l o s e l y  t o  thermodynamic p r e d i c t i o n s  t h a n  t h e  TCS da ta .  T h i s  may 
be a combina t ion  0, non- i so the rma l  r e a c t o r  e f f e c t s  a s  wel l  a s  t h e  
f o r m a t i o n  of i n t e r m e d i a t e  s p e c i e s  d u r i n g  t h e  d e c o m p o s i t i o n  c f  
TCS . 
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3.6 Advanced Reac tor  Development 
An advanced p r o d u c t i o n  r e a c t o r  was c l s o  i n t e g r a t e d  w i t h  

t h e  P rocess  Developnent  Unit. I t  was moJiCied s o  t h a t  d i c h l o r o -  
s i l a n e  cou ld  be f e d  i n  a s a f e  manner. The r e a c t o r  was c a p a b l e  of 
u s i n g  mixed  feeds .  The advanced r e a c t o r  o b j e c t i v e s  were t h e  same 
a s  t h e  i n t e r m e d i a t e  r e a c t o r ,  b u t  s p e c i f i c a l l y  c o n c e n t a t i n g  on  
g e t t i n g  power c o n s u m p t i o n  r e d u c e d  t o  6 0  kWh/kg. P l a n s  were t o  
i n c r e a s e  t h e  r e a c t o r  s i l i c o n  throughpi  t, t h e r e b y  reducing  power 
consumption. 

3.6.1 Reac tor  Performance 
A s  pr ? v i o u s l y  d i s c u s s e d  r e a c t o r  ?erf  ormance was 

measured i n  terms of d e p o s i t i o n  r a t e ,  conve r s ion  e f f i c i e n c y .  and  
power consumption. 

3.6.1.1 D i c h l o r o s i l a n e  Decomposition 
:he a d v a n c a d  r e a c t o r  made o n l y  n i n e  

d i c : . l o r o s i l a n e  r u n s ,  w h i c h  a r e  p r e s e n t e d  i n  T a b l e  2 0  a s  r u n  
averages .  One run (382-279) produced h 2.00 gh-km-l  d e p o s i t i o n  
r a t e  a n d  3 c o n v e r s i o n  e f f i c i e n c y  (38.7%) s l i g h t l y  l e s s  t h a n  t h e  
40 mole p e r c e n t  goal.  Power consumption. was 90 kWh/kg. 

S i l i c o n  d e p o s i t i o n  on t h e  b e l l  j a r  was t y p i c a l l y  i n  t h e  same 
range  a s  mentioned p r e v i o u s l y  Cor t h e  i n t e r m e d i a t e - s i z e d  r e a c t o r .  

The f o l l o w i n g  summary is a n  a v e r a g e  of 21.1 r u n s  which were 
l o n g e r  t h a n  40 h o u r s  i n  l e n g t h .  

Advar,zed Reac tor  Performance R e s u l t s  (Run Averages)  
S i l i c o n  Depos i t i on  Conv e r s i  o n Power 

Fed Rate Ef f i c i e n c y  Consumption 

4 .2  1.6 38.1 97.4 
2. k.KhLb ah'l cm'l gh-lcm-l 

7 n f o r t u n a t e l y  e f f o r t s  were t e r r i n a t e d  b e f o r e  a n y  o p t i m i z e d  
performance cou ld  be ach ieved .  

Typ ica l  ven t  prodtJcts r o r  these r u n s  no rma l i zed  t.) 80 m m  rod 
d i a m e t e r s  a r e :  
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m N u m b e r  
3 82-273 

Cas Chromatograph! s Data 
VentProductsLiiI.lole1/1.1003MoleaFed) 
si m.l w JX.s JKS SE 
48.5 11.1 0 00 2.7 17 .O 31.9 

3.6.1 2 M i xe a Fee u (D i c h 1 o r  o s  i 1 a n  e / S i l  i c o n  
Te t rac h l  or i de  1 
D i c h l o r o s i l a n e  \-?.s n o r n . a l l y  u s e d  a s  a 

f e e d s t o c k  d u r i n g  t h e  f i r s t  50 h o u r s  of r u n  time, t h e n  t h e  f e e d  
~ i x t u r e  was c h a r g e d  t:: d 50/50 mole  p e r c e r  q i c h l o r o s i l a n e -  

s i l i c o n  t e t r a c h l o r i d e  f eezs tock .  T h i s  was don? i n  an a t t e m p t  t o  
g e n e r a t e  HC1 w h i c h  wou ld  t h e n  s e l e c t i v e l y  e l i m i c a t e  s i l i c o n  
d e p o s i t i o n  f r o m  t h e  b e l l  j a r  wal l .  F i n e  DCS-STC r u n s  w e r e  
c a m p l e t e d .  R e s u l t s  of t h e s e  r u n 5  a r e  f o u n d  i n  T a b l e  20. T h e  
F r l ! . ~ ~ i n g  summary i s  an a v e r a g e -  oi a l l  r u n s  w h i c h  b e r e  l o n g e r  
t C!l hours  i n  l eng th .  

P i 1  iczrl D e p o s i t i o n  Conversion Power 
Fed Rate E f f i c i e n c y  Consumption 

- .% kWh/ka ah'lcm-1 ah'lcx-1 

4.8  1.5 31.2  105 

The a d d i t i o n  of s i l i c o n  t e t r a c h l o r i d e  dep res sed  d e p o s i t i o n  
r a t e  and convers ion .  Power consumgticn was r..uch h ighe r  t h a n  t h e  
p rogram g o a l .  I n  l i g h ' i  of p r o g r z 7  g o a l s  of 2.0 gh ' lcn- l  w i t i .  a 
40 p e r c e n t  L o n v e r s i o n ,  f e e d s t o c k  r u n s  u s i n g  d i c h l o ; o s i l Q n e -  
s i l i c o n  t e t r a c h l x i d e  m i x t u r -  s were  n o t  expiDred f u r t h e r .  

S i l i c o n  d e p o s i t i o n  on t h e  b e l l  j a r  f o r  t hese  r u n s  w a s  
m o d e r a t e  t o  heavy  and  s i m i l a r  t o  o b s e r v a t i o n s  made i n  t h e  
i n t e r m e d i a t e  r e a c t o r  b e f o r e  t h e  i r l p l emen ta t ion  of pos t - run  H C 1  

e t c h .  T L e  s i l i c o n  t e t r a c h l o r i d e  e t c h  t e c h n i q u e  w a s  n o t  
successzul i n  removing s i l i c o n  from t h e  b e l l  j a r .  

rod d i a m e t e r s :  
V e n t  p r o d u c t  d t t a  f o r  c h e s e  r u n s  were n o r l n a l i z e d  t o  ' 3 
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Gas Chromatographic Data 
Vent P r o d u c t s  f i k i 2 ~ 1 H o l e S i F e d I  

BuoNumber si E l  w m z s  six 
2 82-277 14.8 10.2 0.2 3 .G 41 .2 39.6 

3.6.1.3 DCS and DCS/STC Decomposition 
Temperature Measurements 
A small l a b o r a t o r y  Lindberg t u b e  furnace was 

u t i l i z e <  t o  m e a s u r e  d e c o m p o s i t i o n  t 2 m p e r a t u r e s  of 
d: : h lo roc ; i i ane /hydrogen  m i x t u r e s  and  d i c h l o r o s i l a n e - s i l i c o n  
t e t r a c h l o r i d e / h y d r o g e n  m i x t u r e s  as  part  of t h e  o v e r a l l  e f f o r t  t o  
unders tand  s i l i c o n  d e p o s i t i o n  i n  q u a r t z  systems. 

A q u a r t z  t u b e  was p l a c e d  i n s i d e  t h e  L i n d b e r g  t u b e  f u r n a c e  
and DCS m i x t u r e s  were passed through t h e  t u b e  a t  r e s i d e n c e  times 
c o m p a r a b l e  t o  r e a c t o r  o p e r a t i o n .  The  f u r n a c e  t e m p e r a t u r e  was 
i n c r e a s e d  u n t i l  s i l i c o n  d e p o s i t i o n  was observed on t h e  i n n e r  w a l l  
of t h e  q u a r t z  tube. The d e p o s i t i o n  resu l t s  are summarized bs lov:  

Feed- C o n c e n t r a t i o n  Guriel; Gas mLlS %r QU 
C h l o r i d e  in 

DCS 100 5 760 
DCS/STC 50/50 3-6 780-835 

The  DCS/STC r e s u l t s  i nd ica t e  t h a t  t h e  a d d i t i o n  of STC increases 
t h e  minimum d e p o s i t i o n  t e m p e r a t u r e  a b o v e  t h a t  of p u r e  DCS, b u t  
t h a t  r e a c t o r  t e m p e r a t u r e s  a r e  h i g h e r  t h a n  any  DCS/STC f e e d  
c o n d i t i o n  t h a t  c o u l d  e f f e c t i v e l y  b e  f e d  t o  r e t a r d  s i l i c o n  
d e p o s i t i o n  on t h e  b e l l  jar. 

3.6.2 Reactor  Comparisons 
R e s u l t s  f rom t h e  r e a c t o r  program i n d i c a t e d  t h a t  

s c a l e - u p  can be a c c o m p l i s h e d  t o  meet d e p o s i t i o n  g o a l s .  T h e  
measu red  r e s p o n s e s  of d e p o s i t i o n  r a t e ,  c o f i v e r s i o n ,  and power 
consumption f o r  a l l  r e a c t o r  t y p e s  a r e  comFared i n  Table  2 1  w i t h  
o r i g i n a l  program goals .  

Power  c Q n s u m p t i o n  r e m a i n e d  h i g h e r  t h a n  d e s i r a b l e .  

O p t i m i z a t i o n  e f f o r t s  on t h e  advanced r e a c t o r  were t e r m i n a t e d  due 



TABLE 2 1 .  GOALS VERSUS REACTOR DEPOSITION RESULTS 

D e p o s i t i o n  Conversion Fower 
R a  e E f f i c i e n c y  Consunpt i o n  qb-Eem-l A kWh/_ka 

JPL Goal 2 .o 40 .O 

Experimental Reactor 1 . 6  35 .2  

Intermediate  Reactor 2 - 0  35 .1  

Advanced Reactor 2 .o 38 .7 

60 

96 

82 

90 
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to b u d g e t  c o n s t r a i n t s  b e f o r e  h i g h e r  t h r o u g h p u t s  r e d u c e d  power 
consumption t o  t h e  6 0  kWh/kg range. 
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3 - 7  Dich lo ros i l ane /P roduc t  P u r i t y  Eva lua t ion  
3.7.1 Objec t ives .  

The DCS-CVD a p p r o a c h  t a k e n  by Hemlock Semi- 
conductor  is  des igned  t o  produce p o l y c r y s t a l l i n e  s i l i c o n  t h a t  is 
of s e m i c o n d u c t o r  p u r i t y  i n  a l l  respects i.e. i m p u r i t y  l e v e l s ,  
surface q u a l i t y ,  and p roduc t  form. I n  t h i s  way material  w i t h  t h e  
same s p e c i f i c a t i o n  c a n  be s u p p l i e d  t o  a l l  c u s t o m e r s  t o  p r o d u c e  
s o l a r  cel ls  of t h e  h i g h e s t  e f f i c i e n c y .  

3.7.2 Eva lua t ion  Techn iques  
F i g u r e  25 p r e s e n t s  t h e  a n a l y s i s  method f o r  

e v a l u a t i n g  DCS p o l y c r y s t a l l i n e  s i l i c o n .  The p o l y c r y s t a l l i n e  
s i l i c o n  was grown t o  a s p e c i f i c  d i a m e t e r .  An i n g o t  was p u l l e d  
us ing  Czochra l sk i  c r y s t a l  growth t echn iques ,  and s o l a r  cel ls  were 
fabricated and eva lua ted .  T h i s  method was a g r o s s  t echn ique  f o r  
de t e rmin ing  s o l a r  cel l  o u t p u t  as a p e r c e n t  e f f i c i e n c y  a t  a i r  mass 
one. I t  d i d  n o t  d e f i n e  s p e c i f i c  i m p u r i t i e s  i n  t h e  s i l i c o n  
necessa ry  f o r  t h e  f i n a l  data a n a l y s i s .  

S p e c i f i c  i m p u r i t y  l e v e l s  were determined u s i n g  a n  e l e c t r i c a l  
r e s i s t i v i t y  t echn ique  t h a t  measures boron and phosphorus a t  t h e  
p a r t s  p e r  b i l l i o n  a t o m i c  (ppba )  l e v e l .  F i r s t ,  a 1 2 - m i l l i m e t e r  
c y l i n d r i c a l  c o r e  75  mi l imeters  i n  l e n g t h  was t a k e n  f r o m  t h e  
p o l y c r y s t a l l i n e  rod. Second, t h e  c o r e  was f l o a t  zone r e f i n e d  one 
pass i n  g a s  i n t o  s i n g l e - c r y s t a l  s i l i c o n  t o  de t e rmine  t h e  amount 
of p h o s p h o r u s  i n  t h e  sample .  T h i r d ,  b o r o n  was d e t e r m i n e d  by 
w e e k l y  p l a n t  a u d i t s  a n d  u s e d  a s  t h e  v a l u e  f o r  a l l  l o t s  p roduced  
d u r i n g  t h e  s p e c i f i c  t ime f r ame .  However, a p p r o x i m a t e l y  2 0  
p e r c e r t  of t h e  d i c h l o r o s i l a n e  p o l y s i l i c o n  r u n s  w e r e  f l o a t  z o n e  
r e f i n e d  6 p a s s e s  i n  vacuum t o  de te rmine  a c t u a l  b o r o n  c o n t e n t .  
Once f l o a t  zone r e f i n i n g  was accomplished,  e l e c t r i c a l  r e s i s t i v i t y  
measurements were t aken  t o  de t e rmine  magnitude and type  (h' or P) 

w h i c h  w e r e  t h e n  c o r r e l a t e d  t o  t h e  amount  of i m p u r i t y  i n  t h e  
sample. 
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FIGURE 2 5 .  

ANALYSIS  METHOD FOR EVALUATING DCS W L Y S I L I C O N  
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Optical measurements were taken  from t h e  same core location. 
The s l i c e  was lapped and pol ished.  T h e  sample was placed i n  a 
Four ie r  Transform I n f  r e r e d  Spectrometer  ( F T I R )  t o  de te rmine  
carbon content i n  p a r t s  per mi l l ion  atomic (ppma). 

A small sample of t h e  zoned rod was cleaned and placed i n  a 
spark  source  mass spec t romete r  (.“SWS) t o  measure p a r t s  per 
b i l l i o n  atomic t r ace  impurities. These r e s u l t s  were compared t o  
semicqnductor samples grown i n .  t h e  conventional t r i ch lo ros i l ane  
CVD process. 

3.7.3 E l e c t r i c a l  R e s i s t i v i t y  and O p t i c a l  R e s u l t s  
Table  ’2 shows d i c h l o r o s i l a n e  decomposition 

puri ty  evaluations fo, reactors  324, 325 and 382. Runs t h a t  had 
operational problems were not evaluated and  were deleted from t h e  
d a t a  set. A l l  runs shown i n  t h i s  t a b l e  were analyzed one-pass 
f l o a t  zone i n  gas fo r  donor concentration. FTIR measurements t o  
determine carbon l e v e l s  were done on a random sample basis. 

Actual boron measurements were done on a random sample 
bas i s .  The d a t a  a r e  shown i n  Table  23, and they  a r e  a c t u a l l y  a 
sub-set  of t h e  d a t a  i n  Table 22. A t o t a l  of 32 runs were 
measured f o r  a c t u a l  boron content .  O f  t h e s e  32 runs. 24 were 
sampled and t e s t ed  fo r  carbon levels. I t  i s  in t e re s t ing  t o  note 
t h a t  t h e  averages a s  wel l  a s  t t t :  m i n i m u m  and maximum for  a l l  runs 
was s t a t i s t i c a l l y  wel l  w i t h i n  t h e  sample sub-set  range f o r  boron, 
dmor and carbon levels.  

3.7.4 Spark Source Mass Spectrometer Results 
Three samples and one standard were prepared f o r  

spark source mass spectrographic analysis.  
T h i s  was done t o  a n a l y z e  any t r a c e  l e v e l  e l e m e n t s  

q u a n t i t a t i v e l y .  and  t o  h a v e  a d i r e c t  c o m p a r i s o n  of 
t r i ch l  or os i lane  and dichlorosilane polycrystal1 ine si1 icon. 

Two f r e e z e  o a t s  on t h e  6-pass DCS f l o a t  zone rod and one DCS 

poly rod were eva lua ted  a g a i n s t  a s t anda rd  t h a t  was picked a t  

random from t r ich loros i lane  runs from reactor 325. 
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TABLE 22.  DCS PURITY SUMMARY BY REACTOR ( 3 2 4 ,  325 ,  382)  

Reactor  324  ( D i c h l o r o s i l a n e  P u r i t y  Data) 

Statistics Table  
Boron Dcnor Carbon 

1Stlc; l . E & h l  -LQJ&xd Innma) . .  

No. of Values  69  6 9  49 
Average 0 .059  0 . 5 3 4  0 .259  

0 -192 Std. Dev. 0 -020 0 .390  
Variance 0.000 0 -150  0 -036  

Reactor  325  ( D i c h l o r o s i l a n e  P u r i t y  Data) 

S t a t i s t i c s  Table  
BQLQll Donor Carbon 
b . E h a L  w AXmaL 

No. of Values  62  62  48  
Aver age 0 - 0 6 5  0 -463  0 .254  
S td .  Dev. 0.031 0.263 0 .190  
Variance 0 .001  0 . 0 6 8  0 . 0 3 5  

Reactor 382 ( D i c h l o r o s i l a n e  P u r i t y  Data) 

S t a t i s t i c s  Table  
Boron Donor Carbon 

Sta_tis_tic -fEi&aL LE22M.L 0 
No. of Va lues  16 16 1 8  
Average 0 -043  0 -351  0.183 
S td .  Dev. 0 -017 0 .159  0 .153  
Variance 0 .ooo 0 -024  0 .021  
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TABLE 23 . DICHLOROSILANE POLYSILICON PURITY SUMMARY 

A l l  Runs w i t h  A c t u a l  Boron, Donor, an6 Carbon R e a s u r e m e n t s  

RunsEvaluated 3 2  3 2  
Boron Donor 
(DBbal l€!&aL 

Aver age 0 -06  
Maximum 0 e19 
Minimum 0 -03 
Std. Dev. 0.02 
Variance 0 eo00 

0.50 
1.24 
0 -15 
0 -16 
0.07 

24 
Carbon - 
0 -29 
0 -70  
0 e 1 0  
0.15 
0.02  

All r u n s  w i t h  A c t u a l  Donor  a n d  C a r b o n  M e a s u r e m e n t s  - B o r o n  
Determined  by P l a n t  A u d i t  

Average  0 -06 
Maximum 0 -19 
Minimum 0 -03  
S t d .  Dev. 0 -03  
V a r i a n c e  0 e o 0  

145  
Donor 
l..E&=l 

0.47 
1.60 
0 -09 
0 -32  
0 -10 

110 
Carbon 
-f.EEml 

0.24 ( 1 1 0 )  
0 -90 
0 010 
0 -19 
0 -04 

NOTE: 35 r u n s  removed as o b v i o u s  upsets. 

9 4  
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The spa rk  s o u r c e  mass s p e c t r o g r a p h i c  resu l t s  a r e  summarized 
be low i n  q u a n t i t a t i v e  terms (ppma) f o r  t h e  DCS p o l y  r o d  a n d  TCS 

poly s tandard.  

Element 
Na 

Mg 
T i  
C r  

Mn 
cu 
2n  
Ta 

DCS Poly 
(324 - 0429L 

0.03 
0.004 
0.005 
- 
- 

0.016 
0.007 
0.003 

TCS Poly S tcndard  
A325 - 048il 

0.003 
0.004 
0.005 
0.044 
0.003 
0.016 
- 

T h e  TCS p o l y  s t a n d a r d  r e p r e s e n t e d  any  i m p u r i t i e s  p o s s i b l y  
p r e s e n t  i n  t h e  m a t e r i a l  a s  w e l l  a s  t h e  background  of t h e  mass 
s p e c t r o m e t e r .  T h e  b a c k g r o u n d  c o n t a m i n a t i o n  can  o n l y  be  
e l i m i n a t e d  through r e p e a t e d  p r o c e s s i n g  of u l t r a  p u r e  m a t e r i a l  i n  
t h e  ins t rument .  

T h e  DCS r e s u l t s  were t y p i c a l  f o r  p o l y  s u p p l i e d  t o  t h e  U.S. 

market. It should be mentioned t h a t  sodium was found i n  v a r y i n g  
d e g r e e s  because of sample handling. 

Two 6 - p a s s  DCS f r e e z e  o u t  s e c t i o n s  were a n a l y z e d  t o  
d e t e r m i n e  i f  t race elements no t  d e t e c t e d  on t h e  poly samples  due 
t o  spark source  mass s p e c t r o g r a p h i c  l i m i t a t i o n s  would be observed 
a f t e r  be ing  concent ra ted .  I t  was imposs ib l e  t o  volume c a l c u l a t e  
t h e  t o t a l  amount  of t r ace  e l e n e n t  d e t e c t e d  due  t o  t h e  non- 
h o m o g e n e i t y  of  t h e  f r e e z e  o u t  m a t e r i a l .  T h e  f o l l o w i n g  
e v a l u a t i o n s  (ppma) were t y p i c a l  of o t h e r  p o l y s i l i c o n  f reeze ou t  
samples:  
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Element 
Na 

Mg 
T i  
C r  
Mn 
cu 
Ta 

Ag 

DCS Freeze-out  
(324 - 0429) 

0,011 
> O  .014 

0 .015 
> O  -013 
>0 .011  
> O  .016 
>0.011 

DCS Freeze-out  
(325 - 04591_ 

>0.011 
>0.014 
>C.015 
> O  .e13 
>0 .011  
> O  ,016 
> Q . O 1 1  
>o .021 

I t  m u s t  b e  e m p h a s i z e d  t h a t  t h i s  was a q u a l i t a t i v e  me thod  o n l y .  
The n u m e r i c a l  v a l u e  f o r  each  element i n d i c a t e d  t h a t  t h e  element 
exists i n  t r a c e  q u a n t i t i e s .  T h e  v a l u e  i t s e l f  h a d  n o  
s i g n i f i c a n c e .  

3.7.5 S o l a r  C e l l  Data 
A p l y c r y s t a l l i n e  s i l i c o n  i n g o t  was s e n t  t o  

West inghouse Electric f o r  p r o c e s s i n g  i n t o  s o l a r  ce l l s .  A s i n g l e -  
c r y s t a l  C z x h r a l s k i  i n g o t  was p r o d u c e d  w h i c h  was doped  t o  a 
nominal. i n g o t  r e s i s t i v i t y  of 1.5 ohm-cm. Twenty-f i v e  w a f e r s  were 
f a b r i c a t e d  i n t o  s o l a r  cells ,  a l o n g  w i t h  f i v e  4 ohm-cm b a s e l i n e l ’  
w a f e r s  ( r e f e r  t o  T a b l e  2 4 ) .  The i n d f v i d u a l  u n c o a t e d  c e l l  
e f f i c i e n c i e s  ranged from a low of 8.3 p e r c e n t  (11.6% c o a t e d )  t o  
a h i g h  of  10 .1  p e r c e n t  (14.2 p e r c e n t  c o a t e d ) .  The m a j o r i t y  of  
t h e  c e l l  e f f i c i e n c i e s  were i n  t h e  9 p e r c e n t  r ange .  O v e r a l l  
e f f i c i e n c y  of t h e  s o l a r  c e l l s  was 102.3 p e r c e n t  of b a s e l i n e  s o l a r  
cel ls .  

In  a d d i t i o n ,  deep - l eve l  t rans ien t  spec t roscopy  measurements  
were taken on r e p r e s e n t a t i v e  wafers .  No deep  l e v e l s  were found 
i n  t h e  DCS material. which was expec ted  s i n c e  any metals p r e s e n t  
i n  t h e  s t a r t i n g  m a t e r i a l  wou ld  be s e g r e g a t e d  d u r i n g  c r y s t a l  
growth. 
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TABLE 2 4 .  SOLAR CELL ELECTRICAL DATA 

No S i 0  A n t i - R e f l e c t i v e  C o a t i n g  

voc Jsc CFF k AREA 
2 No . mV mA/cm2 % % cm 

1 559 
2 5 47 
3 549 
4 555 
5 550 
6 57 9 
7 56 8 
8 57 6 
9 569 

1 0  56 5 
11 57 4 
1 2  57 3 
13 57 4 
1 4  57 6 
1 5  5‘17 
1 6  5 82 
1 7  57 9 
18  57 8 
1 9  574 
20 57 0 
2 1  5 83 
22 57 1 
23 57 8 
2 4  5 81 
25  56 8 
Averages  57 1 

Av e r a ge  s 5 53 

2 1  - 3  7 1  
2 1  00 68 
21.2 67 
2 1  e 1  73 
2 1  0 1  7 1  
20 09 75  
2 1  0 1  6 8  
2 1  .4 74 
2 1  00 6 8  
2 1  e 1  69 
2 1  - 2  7 3  
2 1  e 1  72 
2 1  .3 73 
21.3 75 
20 .a 74  
2 1  02 7 8  
2 1  03 76 
2 1  - 2  76 
20 - 7  7 1  
2 1  e o  70 
2 1  e 1  76 
2 1  01 69 
21 01 74 
2 1  e 2  77 
2 1  e 2  69 
2 1  01 7 1  
C o n t r o l  Ce l l s  
2 1  0 2  72 

9.52 
8.27 
8.30 
9.05 
8.75 
9.53 
8.66 
9.64 
8.56 
8.65 
9.32 
9.17 
9.42 
9.68 
9.36 

1 0  011 
9.88 
9.83 
8.89 
8.87 
9.87 
8.79 
9.58 

10 .01  
8.83 
9 9 1 1  

8.90 

4.29 
2.34 
2.34 
3.64 
2.34 
3 -00 
1.82 
3 .OO’ 
1.82 
1.56 
2 .34  
2.34 
2.60 
3 .OO 
2.34 
3.30 
2.86 
3.9G 
1 . ? 5  
1.82  
3.64 
1.82 
3 -00 
3 ,64  
1.69 
2.30 

3.15 

97 



A portion of the same l o t  of po lycrys ta l l ine  s i l i c o n  sent t o  
Westinghouse, a l s o  was sent t o  the J e t  Propulsion Laboratory fo r  
so la r  c e l l  evaluation. R e s u l t s  a r e  shown i n  Table 25. A t o t a l  
of t h i r t e e n  wafe r s  were f a b r i c a t e d  i n t o  S i 0  a n t i - r e f l e c t i v e l y  
coated s o l a r  c e l l s ,  a long w i t h  t h r e e  c o n t r o l  c e l l s .  Solar  c e l l  
e f f i c i enc ie s  averaged 12.8 percerit w i t h  a h i g h  of 13.2 percent t o  
a low of 12.6 percent. Overall eff ic iency of the so la r  c e l l s  was 
103.5 percent of control solar  ce l l s .  

Both evaluations produced good qua l i ty  solar  c e l l s  greater  
than b a s e l i n e  c e l l s  i n  t e rms  of e f f i c i e n c y .  Solar  c e l l s  w i t h  
a n t i - r e f l e c t i v e  c o a t i n g s  had an average e f f i c i e n c y  of 12 .8  
percent w h i l e  solar  c e l l s  w i t h  no an t i - r e f l ec t ive  coating h3.d an 

* 

average eff ic iency of 8.9 percent. 

~~ ~ ~ ~~ 

* Cel ls  processed by Applied Solar Energy Corporation. 
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TABLE 25. SOLAR CELL ELECTRICAL DATA 

S i 0  Anti-Reflective Coating 

2 590 29.4 76 13.2 4 

3 588 28.9 ;5 12.7 4 

4 5 92 29.0 77 13.2 3.98 

5 588 29.0 74 12.6 4 

6 530 29.3 75 12.9 4 

7 5 90 29.3 74 12.9 4 

8 5 90 29.5 75 13.1 4 

9 588 29.4 75 12.9 4 

10 5 92 28.0 78 a. .9 3.98 

11 588 29.3 74 12.7 4 

12 5 88 28.5 75 12.6 4 

13 Broken 

14 5 88 28.8 74 12.5 4 

15 5 90 29.0 i4 12.7 3.98 

Av e r age 590 29.0 75 12.8 4 

Control Cells 

Average 5 83 28.2 75 12.4 3.98 



3 . 8  Experimental  P r o c e s s  Sys-em Development U n i t  (EPSDU) 

A d e s i g n  f o r  a n  E x p e r i m e n t a l  P r o c e s s  S y s t e m  
Development  U n i t  (EPSDU) t o  p r o d u c e  2 2 0  t o n n e / y r  of p o l y -  
c r y s t a l l i n e  s i l i c o n  t h a t  uses TCS a s  f e e d s t o c k  and  h a s  p r o d u c t s  
of  s i l i c o n ,  s i l i c o n  t e t r a c h l o r i d e  ( S T C ) ,  a n d  HC1 was p r e p a r e d .  
T h e  p l a n t  was t o  be t o t a l l y  i n d e p e n d e n t  o f  t h e  e x i s t i n g  
p roduc t ion  f a c i l i t i e s  a t  Hemlock Semiconductor  Corpora t ion  (BSC), 
a l though  use of p l a n t  s e r v i c e s  s u c h  a s  steam, e l e c t r i c a l ,  water, 
hydrogen, n i t r o g e n ,  and a i r  was planned. I t  shou ld  be no ted  t h a t  
pure  t r i c h l o r o s i l a n e  feed was a v a i l a b l e  f o r  r e d i s t r i b u t i o n  i n  t h e  
EPSDU de s ign .  

Although t h e  EPSDU was never  b u i l t ,  t h e  o b j e c t i v e s ,  des ign ,  
p r o c e s s  d e s c r i p t i o n ,  a n d  o t h e r  c o n s i d e r a t i o n s  a r e  r e v i e w e d  i n  
t h i s  s e c t i o n  f o r  thoroughness  of t h i s  r e p o r t .  

3 -8.1 O b j e c t i v e s  
T e c h n i c a l  o b j e c t i v e s  o f  t h e  EPSDU were t o  

demonstrate:  
1. 2.5-3.0 kg/hr / rx  d e p o s i t i o n  rates.  
2.  6 0  kWh/kg o r  l ess  e l e c t r i c  power c o n s u m p t i o n  a t  

t h e  decomposi t ion  r e a c t o r .  
3 .  Adequacy of t h e  e q u i p m e n t  s e l e c t i o n s  f o r  DCS 

p r o d u c t i o n ,  p u r i f i c a t i o n ,  a n d  t h e  h y d r o g e n  
recovery  system. 

4 .  Adequate  s i l i c o n  p u r i t y  and  s u r f a c e  q u a l i t y  f o r  
use as s o l a r  g r a d e  s i l i c o n .  

3 . 8 . 2  General  P rocess  D e s c r i p t i o n  
F i g u r e  26 r e p r e s e n t s  t h e  EPSDU p r o c e s s  i n  block 

d i a g r a m  form.  TCS would  be p u r c h a s e d  a n d  p o l y c r y s t a l l i n e  
s i l i c o n ,  STC, and H C 1  produced i n  EPSDU ope ra t ion .  

The  r e d i s t r i b u t i o g  r e a c t o r  c o n v z r t s  t h e  TCS t o  a m i x t u r e  of 
DCS, TCS, a n d  STC. T h i s  m i x t u r e  would  be d i s t i l l e c i  t. s e p a r a t e  
t h e  DCS from t h e  TCS and STC. Placement of t h i s  r e a c t o r  p r i o r  t o  
t h e  DCS d i s t i l l a t i o n  column i s  war ran ted  s i n c e  no DCS is  p r e s e n t  
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i n  t h e  TCS f e e d .  The  DCS would  be m i x e d  w i t h  H 2  and  f e d  

d i r ec t ly  t o  chemical vapor decomposi t ion r e a c t o r s .  The TCS and  
S T C  m i x t u r e  would  be f e d  t o  a n o t h e r  d i s t i l l a t i o n  co lumn where 
s e p a r a t i o n  occurs.  TCS would be r e c y c l e d  t o  t h e  r e d i s t r i b u t i o n  
r e a c t o r  and t h e  STC by-product vou ld  be sold.  

The  D C S  would be reduced  t o  p o l y c r y s t a l l i n e  s i l i c o n  i n  t h e  
d e c o m p o s i t i o n  r e a c t o r s .  Gaseous  e f f l u e n t  f rom t h e  r e a c t o r s  
c o n t a i n s  H C l ,  DCS,  TCS, STC, a n d  H2. T h e  r e c o v e r y  s y s t e m  would  
s e p a r a t e  t h e  H 2  f rom t h e  r e s t  of t h e  m i x t u r e  f o r  recycle  t o  t h e  
d e c o m p o s i t i o n  r e a c t o r s .  H C 1  would  be s o l d .  A l l  r e c o v e r e d  
c h l o r o s i l a n e s  would  be s e n t  t o  t h e  EPSDU d i s t i l l a t i o n  a rea  for 
s e p a r a t i o n .  

T h e  r e c o v e r y  s y s t e m  would  r e c e i v e  v e n t  gases f r m  t h e  

d e c o m p o s i t i o n  r e a c t o r s .  The v e n t  g a s e s  a r e  H 2 '  H C l ,  DCS,  TCS, 

and  STC. T h e  r e c o v e r y  s y s t e m  s e p a r a t e s  t h e  v e n t  gases  i n t o  H 2  
( f o r  r e c y c l e  t o  t h e  r e a c t o r ) ,  E C l ,  a n d  c h l o r o s i l a n e s .  T h e  H C 1  
w o u l d  D e  s o l d .  T h e  c h l o r o s i l a n e s  w o u l d  be s e n t  t o  t h e  
d i s t i l l a t i o n  s e c t i o n  of t h e  EPSDU. The recovery  scheme selected 
by Hemlock Semiconductor would be s imilar  t o  t h e  one described 
by Yaws b u t  would be  m o d i f i e d  t o  meet s p e c i f i c  s a f e t y  a n d  
o p e r a t i n g  c r i t e r i a  developed by HSC. P r e l i m i n a r y  mass and energy 
b a l a n c e s  a s  w e l l  a s  e q u i p m e n t  s i z i n g  have  been r e v i e w e d  i n  
preb i o u s  reports .15 

Detailed mass and energy ba lances  f c r  t h e  EPSDU were h a l t e d  
e a r l y  due  t o  f u n d i n g  l i m i t a t i o n s .  Therefore ,  t h e  EPSDU u n i t  was 
never hi1 t . 
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3 . 3  1000 Metric Ton Per Year P l a n t  Design 
A p r e l i m i n a r y  d e s i g n  o f  a 1 0 0 0  m e t r i c  t o n  p o l y -  

c r y s t a l l i n e  s i l i c o n  p r o d u c t i o n  f a c i l i t y  was c o m p l e t e d .  T h i s  
e n t a i l e d  t h e  d e v e l o p m e n t  of p r o c e s s  f l o w  d i a g r a m s  ( F i g u r e s  27  

through 291, mass b a l a n c e s  (Table  26)  and energy  balances (Table  
27), base c o n d i t i o n s  (Table  28) and c a p i t a l  equipment estimates 
( T a b l e  29 ) .  

3.9.1 Design Basis 
The de - ign  b a s i s  f o r  t h e  1000 m e t r i c  t o n  s i l i c o n  

p l a n t  a s sumed  90% on l i n e  time (OLT) f o r  t h e  h y d r o g e n a t i o n  
system, 955 for  t h e  s t i l ls  and recovery  u n i t ,  and 85% OLT f o r  t h e  
d e c o m p o s i t i o n  r e a c t o r s .  T h e  d e c o m p o s i t i o n  r e a c t o r  OLT 

r e p r e s e n t e d  89% OLT f o r  r e a c t o r s ,  compounded by 95% b u i l d i n g  OLT. 

A n t i c i p a t e d  product  y i e l d s  f o r  t h e  v a r i o u s  u n i t  o p e r a t i o n s  
were as fo l lows :  

1. Hydrogenation 
3 Sic14 + 2 H2 + S i  (m.g.)- A 4 HSiC13 
e x i t  c o n c e n t r a t i o n s  on a non-hydrogen b a s i s  a r e :  

a. H2SiC12 1% (mole % )  

b. HSiC13 29.5% 
C. S i C 1 4  69,5% 

2. R e d i s t r i b u t i o n  
2 H S i C 1 3 e  H2SiC12 + Sic14 
e x i t  c o n c e n t r a t i o n s  are  

a. H3SiC1 0.5% (mole % )  

C. H S i C 1 3  7 8% 
b. H2SiC12 1 0 %  

d. Sic14 11% 
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TABLE 26. 1000 MT/Y POLYSILICON PLANT FLOW RATES 

Line l b / h r  
Number P1 ow - 
101 
102 
1 0 3  
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 

120 
121 
122 
123 
124 
125 
126 
127 
128 
129 

3 21 
.6.8 - - 

327.8 

327.8 
35 .5 

- 

- - 
327.8 
180 

18500 
18710 
67512 
86222 
1 a53 o 
18530 

182 

182 
18350 

180 
180 
180 

183 50 
18284 
1 8 2 8 4  
18284 
326 -4 

FLOW AND WEIGHT % FOR SYSTEM SHOWN ON (FIG. 27) 

- 
E2 - 

l o a  

100 
1.1 
1, 

1. 
1. 
1. 

100 
100 
100 

Weight 8 - 
MCS 
- 
DCS - 

0.6 
0.6 
0.6 
0.6 
0.6 

0.6 

0.6 

- 
TCS - 

25 
25.1 
25 
25 
25 
25.5 

25.5 
25.1 

25.1 

Sn: 

98.8 
74 
74 .3 
73.4 
73 .I 
73 04 
74.5 

74.4 
7 4  03 

7 4  03 
-00  
.oo 
-00 
.oo  

- 
Si - 
l o a  

99 

99 

99 

Comment 

M e t a l l u r g i c a l  Grade 
Copper 

1% Copper 

1% Copper 

1% Copper; 82 not shown 

Si not shown 

Si n o t  shown in 
compo si t ion 

1 0 7  
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TABLE 2 6 .  1000 MT/Y PGLYSILICON PLANT FLOW RATES (Cont . )  

FLOW AND WEIGHT % FOR SYSTEM SHOWN ON (Fig. 2 8 )  
. -- 

Line  
humber 

201 
202 
203 
204 
205 
206 
2 07 
208 
209 
210 
211 
212 . 
213 
21 4 
215 
216 
217 
21 8 
219 
220 
221 

222 

lb/hr 
Flow 

2070 
18350 - - - 
18350 
17907 - 

- - 
28666 
28666 
26153 
26153 - - 

- 
2508 
2508 
2508  

-- 

82 

100 

h t  % 
MCS 

0.2 

2.8 

2 .8 

DCS 

12 .1 
0.6 

0.6 

10 .8 
8 e 7  
7 .5 

91 -5  

91.5 

TCS 

55 - 2  
25.1 

25.1 

89.2 
91 -3 
78.5 

LOO 

STC 

32.7 
74 - 3  

74.3 
!OO 

- 
SI Comments 

No Line 220 
No H2 in Wt. 8 
Basis 

108 



TABLE 26. 

Line  
Number 

3 01 
302 
3 03 
304 
305 
3 06 
3 07 
308 
3 09 
310 
311 
312 

313 
314 

1 b/hb 
Flow 

2508 

2508 
2197 

- 
- - - - 

2070 
127 - 

32.8 

279 . 

1 0 0 0  MT/Y POLYSILICON PLANT FLOW RATES (Cont.) 

FLOW AND WEIGHT % FOR SYSTEM SHOWN ON (Fig. 2 9 )  

W e i  
ECTA 

5.8 

100 

2 .8 

2.8 

DCS 

91 .5 

91 e 5  
11.4  

1 2 . 1  

TCS 

5 .7  

5 -7 
- 5 2 . 1  

5 5  .2 

-- 
STC 

30 -7 '  

32.7 

I 

Comments 

NO H2 i n  w t .  % 

Recovery Plows 
P r o p r i e t a r y  

Produced i n  
Decomposit ion 
Reactor 

Water 
Aqueous HC1 Waste 

S i l i c o n  Produced 
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TABLE 27. 1000 METRIC TONNE PLANT ENERGY REQUIREMENTS 

St.earn/Hot Oil Water Elec t r ic  
Item 

Quench Cond. 

STC Cooler 

H2 Heater 

STC Heater 

STC Vaporizer 

S t r  i p p e  r Cond . 
S t r i p p e r  

TCS Cond. 

TCS R e b o i l e r  

TCS Cooler 

DCS Cond. 

DCS R e b o i l e r  

Pumps 

R e  cover y 

R e b o i l  er 

TO TAL 
Non Decomp 

Decomp 

TOTAL 

BTU/Hr, 

9441M 
(gas) 

( g a s )  
1836M 

2226M 

8 1  5M 

40 85M 

2988M 

J2nlLuL- 

4981M* 

3 94# 

74.4M 

14.5M 

17 s r t  

1 4  Ton 
(-40') 

6.42M 

4312M 

1242M 

1751M 

23 .SM 

22.34M 

126.66M 

32M/gas 
+ 

126  o66M 
+32M g a s  

BTg/Ha. kWh/Hr.kWh/Ka 
38.77M 

3.1M 

0.11 Ton 

34M 

9.8M 

13.8?4 

0.6 

33 . 6M 7.0 

133.07M 

0.11 Ton 
a t  -40°F 

+ 7 , 6  

60 

1 3 3  . 07M 8574 67.6 
+0.11 Ton 
a t  -40°F 

* M = 1000 

110 



TABLE 2 8 .  BASE C O N D I T I O N S  !;'OR ECONOMIC A N A L Y S I S  OF HSC 
DICHLOROSILANE-TO-SILICON PROCESS 

1. 

2. 

3 .  

4 .  

5. 

6. 

General  

P l a n t  s i z e :  1000 metric tonne  of s i l i c o n  
Product :  High p u r i t y  s i l i c o n  
P rocess  : P r o d u c t i o n  of DCS ( S i H z c l z ) ;  g e n e r a t i o n  of 

s i l i c o n  f r o m  r e d u c t i v e  c h e m i c a l  v a p o r  
d e p o s i t i o n  (CVD) of DCS 

Product ion  of TCS ( S i H C 1 - j )  

From h y d r o g e n a t i o n  of m e t a l l u r g i c a l - g r a d e  s i l i c o n  and  STC 

F l u i d i z e d  bed r e a c t o r ,  c o n t a i n i n g  m e t a l l u r g i c a l  g r a d e  

Reactor  o p e r a t e s  a t  500°C and 500 p s i g  
Equimolar f e e d  of STC and H2 
Product  composi t ion approximate ly  

STC 70% 
TCS 29% 
DCS 1% 

(sic141 

s i l i c o n  

Removal/recyc:e of STC 

D i s t i l l a t i o n  (TCS s t i l l )  
S e p a r a t i o n  of TCS + DCS from STC 
Overhead s t r eam t o  DCS s t i l l  
Boctoms s t ream t o  hydrogenat ion  r e a c t o r  

Boron Removal 

Removal of BCl3 v i a  c o m p l e x a t i o n  w i t h  n i t r o g e n  o r  oxygen 

Fixed bed r e a c t o r  
Feed from TCS s t i l l  
E f f l u e n t  t o  DCS s t i l l  
No c h l o r o s i l a n e  m a t e r i a l  l o s s  

based on n o n - v o l a t i l e  s u p p o r t  

PCS Product ion  

R e d i s t r i b u t i o n  of TCS w i t h  Dowexa i o n  exchange r e s i n  
Pure TCS f e e d  
L iqu id  phase o p e r a t i o n  @ 7OoC, 80 p s i g  
P roduc t s  t o  TCS s t i l l  
PLoduct composi t ion a s  f o l l o w s  

DCS 10.5% ( i n c l u d e s  (1% S i H 3 C 1  ( M C S ) )  
TCS 78.5% 
STC 11.0% 

DCS pur i f  ica t i o n  

D i s t i l l a t i o n  (DCS s t i l i )  
Feed from TCS s t i l l  
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TABLE 28. BASE C O N D I T I O N S  FOR E C O N O M I C  A N A L Y S I S  OF H E ”  
DICHLOROSILANE-TO-SILICON PROCESS (Con t . ) 

6. 

7. 

8. 

9 .  

1 0 .  

11. 

1 2 .  

(Cont inued)  
S e p a r a t e  DCS ( tMCS) from TCS 
Over>-sad stream t o  CVD r e a c t o r s  
B o t t w s  steam t o  r e d i s t r i b u t i o n  r e a c t o r  

S i l i c o n  p r o d u c t i o n  

45 Siemens CVD r e a c t o r s  (modi f ied  a s  a p p r o p r i a t e )  
DCS/H2 feed 
Nolar  conve r s ion  t o  s i l i c o n  of 40% 
Depos i t i on  ra te  of 3000 g / h r / r e a c t o r  
Vent composi t ion  (per mole of DCS f e d )  

HC1 .14 
DCS . l o  
TCS .34 
STC .16 

Opera t ing  r a t i o  

85% u t i l i z a t i o n  (on l i n e  time) of CVD r e a c t o r s  
7445 p roduc t ion  hours /yr  

Waste t r e a t m e n t  

Waste g a s  s t r e a m s  t o  w a t e r  s c r u b b e r .  R e s u l t a n t  H C 1  
n e u t r a l i z e d  w i t h  Ca(0H)  2. 

Waste l i q u i d  s t reams p r o c e s s  w i t h  c u r r e n t  D o w  C o r n i n g  
technology. C h l o r o s i l a n e s  n e u t r a l i z e d  w i t h  Ca (OH2; s i l i c a  
g e n e r a t e  s o l d  o r  d i sposed  of depending on q u a l i t y .  

S t o r a g e  r equ i r emen t s  

TCS 3 days  
STC 3 weeks 
S i l i c o n  1 4  days  
C a ( O H ) 2  1 4  days  

Recycle  streams 

Hydrogen from CVD r e a c t o r s  r e t u r n e d  t o  same r e a c t o r s  
C h l o r o s i l a n e s ,  H C 1  from CVD r e a c t o r  v e n t  t o  r ecove ry  system 
Recovery system condenses ,  s e p a r a t e s  H C l ,  c h l o r o s i l a n e s :  

Recovery system modif ied  Siemens t echno logy  

H C 1  s o l d  f o r  c r e d i t  ( $ . 1 2 / l b ) ,  c h l o r o s i ’ 3 n e s  r e t u r n e d  t o  
TCS s t i l l  

S l i m  rod p u l l e r s  

P u l l  r a t e  ave rage  of 470 cm/hr ( f o r  each  of f i v e  machines)  
Thin rod d i ame te r  of 6 mm 
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TABLE 2 9 .  (Cont.) 

Recovery System 

$1,031,100 

$110,000 

Recovery Area 

1980 Cost of Equipment = 

Waste Disposal & Contro l  

1980 Cost of Eyuipmnt  = 

S e -: i ce s 

1980 Cost 

Hot O i l  Furnace & Pumps 99 ,400  

Hot O i l  Surge Tank 16 ,200  

Coo l ing  Water Tower & Pumps 84 ,900  

Total = $200,530 

Fi lat ient  P u l l e r s  ( 6 )  

198@ Cost = $ 3 0 0 , 0 0 0  

HSC Total Direct  P l a n t  Investment $2 ,653 ,100  
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3. Decomposition r e a c t o r s  

H2SiC12 + 82 -S i  + H S i C 1 3  + Sic14  + HC1 + A2 
e x i t  c o n c e n t r a t i o n s  on a non-hydrogen basis p e r  
mole  of H2 S i c 1 2  f e e d  were: 

a. S i  0.40 i n  r e r c t o r  
bo B2SiC12 0.10 i n  v e n t  
c, H S i C 1 3  0.34 i n  v e n t  
d o  Sic14 0.16 i n  v e n t  
e. RC1 0.14 i n  v e n t  

Material f l o w s  a n d  c o m p o s i t i o n s  u t i l i z e d  assumed i d e a l  
s e p a r a t i o n s ,  T h i s  a p p r o a c h ,  a l t h o u g h  n o t  e x a c t ,  g r e a t l y  
s impl i f ied  s i z i n g  of equipment. 

R e d i s t r i b u t i o n  r e a c t o r  p lacement  was l o c a t e d  a t  t h e  bot tom 
of  t h e  DCS d i s t i l l a t i o n  co lumn s i n c e  i d e a l  s e p a r a t i o n  was 
a s s u m e d .  P r e l i m i n a r y  d a t a  p r o d u c e d  by  Mui6 f r o m  t h e  
h y d r o c h l o r i n a t i o n  of s i l i c o n  t e t r a c h l o r i d e  i n d i c a t e d  t h a t  o n l y  a 
smal l  amoun t  of d i c h l o r o s i l a n e  i s  p r e s e n t  from t h e  f l u i d  bed 
r e a c t o r  s t ream w h i c h  c o u l d  c h a n g e  t h e  p l a c e m e n t  of t h e  
r e d i s t r i b u t i o n  r e a c t o r ,  T h e r e f o r e ,  it is p o s s i b l e  t o  place t h e  
r e d i s t r i b u t i o n  r e a c t o r  a t  t h e  t o p  of the TCS d i s t i l l a t i o n  column. 
I n  e i t h e r  p l a c e ,  e q u i p m e n t  c o s t  a n d  o p e r a t i n g  c o s t  w i l l  n o t  
c h a n g e  t h e  e c o n o m i c s  of t h e  1 0 0 0  t o n n e  p l a n t .  However, i f  
r e l o c a t e d ,  3 . t  w i l l  change t h e  p l a n t  detai led e n g i n e e r i n g  design. 

The overhrad  of t h e  DCS column w i l l  be c o n t r o l l e d  t o  p r o v i d e  
equal a m o u n t s  of m o n o c h l o r o s i l a n e  a n d  TCS i n  t h e  DCS, t h u s  
m a i n t a i n i n g  a C 1 : S i  r a t i o  of 2:l i n  t h e  d e c o m p o s i t i o n  r e a c t o r  
f e e d  stream, 

3.9.2 Uni t  Opera t ion  D e s c r i p t i o n  f o r  1 0 0 0  Tonne P l a n t  

BY DROGENATION IJNIT 

The u n i t  shown i n  F i g u r e  27  r e p r e s e n t s  t h e  same u n i t  as  

p r e s e n t e d  by Union C a r b i d e  C o r p o r a t i o n  i n  J P L  FSA C o n t r a c t  
954334.5 The new d r a w i n g  i n c l u d e s  l i n e  d e s i g n a t i o n  and  f l o w s  
cor responding  t o  RSC reqdi rements .  



The e x i t  compos i t ion  from t h e  r e a c t o r  was s e l e c t e d  from w o r k  
of Mui and  Seyfe r th . l*  

D e t a i l e d  d e s i g n  of  t h i s  u n i t  may d i f f e r  somewha t  f r o m  t h e  
u n i t  shown, i n  o r d e r  to s a t i s f y  H e m l o c k  Semiconductor  C o r p o r a t i o n  
d e s i g n  and s a f e t y  c r i t e r i a .  

(See T a b l e  26.) 

OPE RAT ION 
M e t a l l u r g i c a l  g rade  s i l i c o n  is  r e c e i v e d  i n  ground form and  

p l a c e d  i n  t h e  s i l i c o n  s t o r a g e  b i n  ( l i n e  1 0 1 ) .  T h e  s i l i c o n  i s  
m i x e d  w i t h  c o p p e r  c a t a l y s t  ( l i n e  1 0 2 )  i n  t h e  c a t a l y s t  b l e n d e r .  
T h i s  m i x t u r e  is p l a c e d  i n  t h e  s i l i c o n  f e e d  h o p p e r  ( l i n e  1 0 5 )  
where i t  is purged f r e e  f rom air .  Hydrogen i s  used t o  p r e s s u r i z e  
t h e  h o p p e r  a n d  f o r c e  t h e  c a t a l y s t  a n d  s i l i c o n  i n t o  t h e  
h y d r o g e n a t i o n  r e a c t o r  ( l i n e  1 0 7 ) .  Hydrogen ( l i n e  1 1 2 )  a n d  STC 
( l i n e  1261, i n  equ imola r  quant i t ies  a t  j u s t  ove r  5OO0C e n t e r  t h e  
b o t t o m  of t h e  h y d r o g e n a t i o n  reac tor ,  w h i c h  i s  o p e r a t e d  i n  a 
f l u i d i z e d  s t a t e .  Thermodynamic  l i m i t a t i o n s  of t h e  r e a c t i o n  
r e s t r i c t  t h e  pract ical  conve r s ion  t o  29.5 mole p e r c e n t  TCS i n  t h e  
e f f l u e n t .  

The p r o d u c t s  l e a v i n g  t h e  h y d r o g e n a t i o n  r e a c t o r  l i n e  ( 1 1 4 )  
e n t e r  t h e  q u e n c h  c o n t a c t o r .  A l a r g e  q u a n t i t y  of c o o l  l i q u i d  i s  
pumped from t h e  waste sett ;er t o  t h e  quench c o n t a c t o r  ( l i n e  115)  
t o  condense some of t h e  c h l o r o s i l a n e s  and  wash o u t  meta l l ic  sa l t s  
a n d  s i l i c o n  meta l  f i n e s  i n  t h e  r e a c t o r  p r o d u c t .  The s a l t s  a n d  
metal s e t t l e  i n  t h e  waste s e t t l e r  and a re  removed ( l i n e  1 1 9 ) .  

The c o o l e d  p r o d u c t  g a s  t h e n  pas ses  t o  t h e  p r o d u c t  c o n d e n s e r  
( l i n e  1171,  t h e n  t o  t h e  l i q u i d  r e c e i v e r  ( l i n e  1 1 8 ) .  G r a v i t y  
s e p a r a t i o n  of t h e  l i q u i d  and vapor  o c c u r s  i n  t h e  r e c e i v e r .  L iqu id  
e x i t s  t o  t h e  c r u d e  TCS s t o r a g e  tank  ( l i n e  1 2 1 )  and  hydrogen e x i t s  
t o  t h e  h y d r o g e n  s u r g e  t a n k  ( l i n e  1 2 2 ) .  T h e  l i q u i d  p r o d u c t  's 
l a t e r  sent t o  d i s t i l l a t i o n .  

The h y d r o g e n  i s  c o m p r e s s e d  a n d  s e n t  t o  t h e  h y d r o g e n  h e a t e r  
( l i n e  1 2 4 ) .  I n  t h e  same h e a t e r  h o u s i n g ,  STC f r o m  t h e  ETC 
v a p o r i z e r  i s  h e a t e d  t o  g r e a t e r  t h a n  500°C. Both  s t r eams  t h e n  
f e e d  t h e  hydrogenat ion  r e a c t o r .  
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STC i s  r e c e i v e d  a s  m a k e  up ma te r i a l  ( l i n e  1 2 9 )  a s  rvell a s  
r e c y c l e  f r o m  t h e  TCS s t i l l  ( l i n e  207) .  Make up ma te r i a l  i s  
r w u i r e d  t o  r e p l e n i s h  t h e  HC1 l o s t  i n  t h e  waste s e t t l e r  e f f l u e n t  
and  HC1 produced i n  t h e  decompos i t ion  r e a c t o r  (and s u b s e q u e n t l y  
said). 

DISTILLATION 
A t h r e e - s t i l l  s y s t e m  was s e l e c t e d ,  a s  shown i n  F i g u r e  28. 

The f i r s t  s t i l l ,  t h e  s t r i p p e r  column, removes a l l  m a t e r i a l s  w i t h  
b o i l i n g  p o i n t s  l o w e r  t h a n  DCS from t h e  h y d r o g e n a t i o n  r e a c t o r  
p r o d u c t  ( l i n e  204) .  D C S ,  :CS, a n d  STC p a s s  f r o m  t h e  b o t t o m  of 
t h e  column ( l i n e  206) and  enter t h e  TCS column. 

The TCS co lumn r e c e i v e s  f e e d s  f r o m  t h e  b o t t o m  of t h e  
s t r i p p e r  co lumn ( l i n e  2061, f r o m  t h e  r e c o v e r y  u n i t  ( l i n e  2 0 1 ) ,  
a n d  f r o m  t h e  r e d i s t r i b u t i o n  r e a c t o r  ( l i n e  214) .  STC i s  removed 
from t h e  bot tom ( l i n e  207) and  is s e n t  t o  t h e  STC s t o r a g e  t a n k  i n  
t h e  h y d r o g e n a t i o n  area.  The o v e r h e a d  p r o d u c t  ( l i n e  2 1 2 )  i s  a 
m i x t u r e  of  DCS a n d  TCS, w h i c h  g o e s  t h r o u g h  t h e  b o r o n  r e m o v a l  
system and t h e n  i s  f e d  t o  t h e  DCS s t i l l  ( l i n e  2 1 3 ) .  

The DCS s t i l l  removes DCS overhead ( l i n e  2190 w i t h  c o n t r o l s  
used t o  m a i n t a i n  equal monoch lo ros i l ane  and TCS c o n c e n t r a t i o n  i n  
t h e  o v e r h e a d  stream. The b o t t o m s  stream f r o m  t h e  s t i l l  ( l i n e  
215)  i s  TCS. The TCS g o e s  d i r e c t l y  t o  t h e  r e d i s t r i b u t i o n  
r e a c t o r ,  o r  i n t o  TCS s t o r a g e .  

S t o r a g e  i n  t h e  s t i l l  area w i l l  a l l o w  3 d a y s  of o p e r a t i o n  of 
t h e  d e c o m p o s i t i o n  a r ea  w i t h  t h e  h y d r o g e n a t i o n  u n i t  s h u t  down. 
T h i s  s t o r a g e  is  r e q u i r e d  t o  m a i n t a i n  h i g h  decompos i t ion  r e a c t o r s  
OLT, t h u s  a v o i d i n g  u n f a v o r a b l e  u t i l i t y  c o n s u m p t i o n  c a u s e d  by 
i n s u f f i c i e n t  f e e d .  S y s t e m  c a p a c i t a n c e  w i l l  be s u p p l i e d  a s  TCS 
s t o r a g e  l o c a t e d  i n  t h e  l i n e  b e t w e e n  t h e  b o t t o m  of t h e  DCS s t i l l  
and t h e  r e d i s t r i b u t i o n  r e a c t o r .  
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DCS/HYDROGENATION M I X I N G  

To avo i6  s t o r a g e  of DCS, a vapor  p r o d u c t  w i l l  be t r a n s p o r t e d  
t o  t h e  CVD r e a c t o r s .  The DCS w i l l  be t a k e n  f r o m  t h e  DCS co lumn 
( l i n e  219) and mixed w i t h  r ecove red  hydrogen. A r a t i o  c o n t r o l l e r  
w i l l  be  f i x e d  t o  m a i n t a i n  t h e  p r o p e r  b a l a n c e  of H 2  ( f r o m  l i n e  
2 2 2 ) .  The  DCS/H2 m i x t u r e  w i l l  b e  t r a n s p o r t e d  t o  t h e  
decompos i t ion  area ( l i n e  221) . 

DECOMPOS I T I O N  REACTORS 

D e c o m p o s i t i o n  r e a c t o r s  (shown w i t h  r e c o v e r y  i n  F i g u r e  29)  
w i l l  r e c e i v e  D C S  a n d  h y d r o g e n  a s  f e e d  ( l i n e  301) .  Each r e a c t o r  
w i l l  p r o d u c e  3000 g r a m s  p e r  h o u r  of s i l i c o n  w h i l e  i n  o p e r a t i o n .  
Reac tor  v e n t  g a s  w i l l  e x i t  t o  t h e  r ecove ry  u n i t  ( l i n e  304).  

RECOVERY UNIT 
The recovery  u n i t  receives a m i x t u r e  of hydrogen, HC1, DCS, 

TCS, a n d  STC f r o m  t h e  d e c o m p o s i t i o n  r e a c t o r s  ( l i n e  304) .  T h e  
u n i t  s e p a r a t e s  and p u r i f i e s  t h e  hydrogen f o r  r e c y c l e  ( l i n e  3021, 
r e c o v e r s  HC1 f o r  sale ( l i n e  3101, and r e c o v e r s  c h l x o s i l a n e s  f o r  
r e c y c l e  t o  t h e  TCS s t i l l  ( l i n e  309). 

T h e  r e c o v e r y  u n i t  d e s i g n  shown i n  F i g u r e  29 i s  e x t r a c t e d  
from Reference  11. 

Ven t  g a s e s  f r o m  t h e  d e c o m p o s i t i o n  r e a c t o r s  ( l i n e  304)  a r e  
c o o l e d  t o  remove  some of t h e  c h l o r o s i l a n e s .  A f t e r  t h e  i n i t i a l  
r e f r i g e r a t i o n  s t e p ,  g a s e s  a r e  s e n t  t o  c o m p r e s s i o n  a n d  
r e f r i g e r a t i o n  ( l i n e  3 0 5  1 w h e r e  m o s t  of t h e  r e m a i n i n g  
c h l o r o s i l a n e s  a r e  condensed. Condensed c h l o r o s i l a n e s  a r e  removed 
( L i n e  306 + 307)  a n d  s e n t  t o  t h e  d i s t i l l a t i o n  ; r e a  ( l i n e  3091. 
T h e  H 2  and H C l ,  a l o n g  w i t h  t races  of c h l o r o s i l a n e s  a r e  s e n t  t c  a 
c h a r c o a l  a d s o r p t i o n  t o w e r  ( l i n e  308)  f o r  f i n a l  c l e a n u p  of t h e  
hydrogea. P u r i f i e d  H 2  is r e c y c l e d  t o  t h e  decomposi t ion  r e a c t o r s  
( l i n e  302) .  A d d i t i o n a l  e q u i p m e n t  i s  u s e d  t o  r e c o v e r  t h e  H C 1  a s  
s a l a b l e  g rade  ( l i n e  310). 
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WASTE CONTROL 

Waste streams r e q u i r i n g  t r e a t m e n t  a r e  t h o s e  from t h e  waste 
s e t t l e r  ( l i n e  1 2 0 )  a n d  t h e  s t r i p p e r  c o l u m n  ( l i n e  2 0 4 1 ,  a n d  t h e  

hydrogen g e n e r a t e d  i n  t h e  decompos i t ion  reactors  ( l i n e  311). A l l  

o t h e r  streams are  recove red  by use of t h e  r ecove ry  system. 
The v a p o r  streams a r e  w a s h e d  w i t h  w a t e r  ( l i n e  313)  i n  a 

simple scrubber .  The r e su l t an t  aqueous waste ( l i n e  314) w i l l  be 
n e u t r a l i z e d  w i t h  calcium h y d r o x i d e  a n d  t h e  c l e a n  g a s  w i l l  b e  
ven ted  t o  t h e  a tmosphere  ( l i n e  3 1 2 ) .  

L i q u i d  waste  ( l i n e  1 3 0 )  a r e  d i s p o s e d  of v i a  Dow C o r n i n g  
technology19. The c h l o r i n e  f rom t h i s  p r o c e s s  i s  n e u t r a l i z e d  w i t h  
calcium h y d r o x i d e .  The s i l i c a  i s  c o l l e c t e d  a n d  a p p r o p r i a t e  
d i s p o s i t i o n  made. 

PURITY CONSIDERATIONS 
Boron is expec ted  a s  boron t r i c h l o r i d e ,  g e n e r a t e d  i n  

t h e  hydrogena t ion  un i t .  BCl3 w i l l  emerge from t h e  bottom of t h e  
s t r i p p e r  co lumn ( l i n e  206)  a n d  o v e r h e a d  a t  t h e  TCS s t i l l  ( l i n e  
2 1 2 ) .  From t h e r e  i t  w i l l  e n t e r  t h e  b o r o n  r e m o v a l  s y s t e m .  T h e  
removal system i s  a packed column, w i t h  s e l e c t i v e  a d s o r p t i o n  of 
b o r o n  t r i c h l o r i d e  f r o m  TCS. T h i s  t e c h n i q u e  has been  u s e d  t o  
p u r i f y  STC, w i t h  t h e  use of  Dowex Qb 320  a n d  o t h e r  a d s o r p t i v e  
media. 

Phosphorus i s  expec ted  t o  accumulate i n  t h e  STC stream ( l i n e  
1 2 7 )  u n t i l  i t  r e a c h e s  s t e a d y - s t a t e  c o n c e n t r a t i o n  a n d  i s  
e l i m i n a t e d  w i t h  t h e  was te  s e t t l e r  e f f l u e n t  ( l i n e  119). No 
phosphorus i s  expecced i n  t h e  DCS s t i l l  overhead. I f  necessa ry ,  
a small  co lumn c o u l d  be a d d e d  t o  s e p a r a t e  p h o s p h o r u s  compounds 
from STC p r i o r  t o  f e e d i n g  t h e  hydrogenat ion  u n i t ,  ( l i n e  127) .  
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THIN ROD PULLERS 
T h i n  r o d s  o r  s i l i c o n  s u b s t r a t e s  a r e  needed  t o  f o r m  t h e  

i n i t i a l  c i r c u i t  f o r  e l ec t r i c  c u r r e n t  and i n i t i a l  surface area f o r  
d e p o s i t i o n .  The  s l i m  r o d s  a r e  p r o d u c e d  by h e a t i n g  r; l a r g e r  
d i a m e t e r  s i l i c o n  rod w i t h  r a d i o  f r equency  energy,  RF, u n t i l  t h e  
s i l i c o n  melts.  A seed i s  t h e n  p o s i t i o n e d  i n  t h e  m o l t e n  s i l i c o n  
a n d  p u l l e d  away from t h e  melt. The l a r g e r  r o d  i s  c o n t i n u a l l y  
p u s h e d  i n t o  t h e  RF f i e l d .  D i s s i m i l a r  r a t e s  of p u l l  a n d  f e e a  
cause a p roduc t  t h a t  i s  smaller i n  diameter and s u i t a b l e  f o r  use 
a s  a substrate.  

3.9.3 Economic E v a l u a t i o n  
An e c o n o m i c  a n a l y s i s  of t h e  H S C  DCS-based low 

c o s t  s i l i c o n  p r o c e s s  h a s  been  u n d e r t a k e n .  The  base c o n d i t i o n s  
f o r  t h e  a n a l y s i s  a r e  t h o s e  c o r r e s p o n d i n g  t o  t h e  1 0 0 0  m e t r i c  t o n  
p l a n t  d e s i g n  a n d  d e s c r i p t i o n  a s  o u t l i n e d  i n  t h e  p r e v i o u s  two  
sec t ions .  A s s u m p t i o n s  a b o u t  p r o c e s s  p a r a m e t e r s  w i t h  e c o n o m i c  
i m p l i c a t i o n s  are  s p e c i f i e d  i n  Table 28. 

c a l c u l a t i o n  procedure  u s e d  f o r  t h e  a n a l y s i s .  
The f o l l c w i n g  section is devoted  t o  a brief d i s c u s s i o n  of t h e  

3.9.3.1 P r o c e d u r e  u s e d  f o r  Economic  A n a l y s i s -  
Genera l  
Where p o s s i b l e ,  t h e  p rocedure  f o l l o w e d  

has p a r a l l e l e d  t h a t  developed by C. Yaws and co-workers  a t  Lamar 
U n i v e r s i t y 2 1  f o r  e v a l u a t i n g  v a r i o u s  l o w - c o s t  s o l a r  s i l i c o n  
processes .  C a p i t a l  c a t e g o r i e s  were estimated a s  p e r c e n t a g e s  of 
major  p r o c e s s  equipment  c o s t  and d i r e c t  p l a n t  i n v e s t m e n t  c o s t s .  

Wh&n s u c h  f a c t o r s  have been used, t hey  have been a v e r a g e s  of 
t h e  c o r r e s p o n d i n g  v a l u e s  used  by Yaws i n  h i s  a n a l y s i s  of t h e  
s t a n d a r d  S i e m e n s a 2  a n d  U n i o n  C a r b i d e 2 3  l o w - c o s t  s i l i c o n  
t e c h n o l o g i e s .  
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3.9.3.2 Manufactur ing C a p i t a l  Requirements  

DIRECT PLANT INVESTMENTS 

P u r c h a s e d  c o s t  was used f o r  a l l  e q u i p m e n t  e x c e p t  f o r  CVD 
r e a c t o r s .  For t h e s e ,  we u t i l i z e d  i n s t a l l e d  r e a c t c r  c o s t  a s  a 
p o r t i o n  of t h e  r e a c t o r  b u i l d i n g  c o s t ,  s i n c e  i t  c a n  be e s t i m a t e d  
q u i t e  a c c u r a t e l y .  A p p r o p r i a t e  f a c t o r s  were used  t o  c o n v e r t  
purchased i n t o  i n s t a l l e u  c o s t  f o r  o t h e r  equipment.  A l l  f i g u r e s  
have been c o n v e r t e d  i n t o  1980 dol lars .  

The c o s t  f i g u r e s  f o r  h y d r o g e n a t i o n ,  d i s t i l l a t i o n ,  and  
r e d i s t r i b u t i o n - r e l a t e d  equipment  have been d e r i v e d  from t h e  c o s t  
a n a l y s i s  of Union  Carb ide  CorpOr  a s  p r e s e n t e d  i n  t h e i r  FSA 

Q u a r t e r l y  Reports . ’  T a b l e  2 9  is a n  e q u i p m e n t  l i s t  f o r  t h e  
p r o c e s s  a s  d e p i c t e d  i n  F i g u r e s  27 t h r o u g h  29 .  Equ ipmen t  i s  
i d e n t i f i e d  by name o n l y  when compared t o  t h e  f i g u r e s .  Equipment 
numbers, where l i s t ed ,  co r re spond  t o  t h o s e  used by Union Carbide 
Corpora t ion  i n  t h e i r  F i n a l  FSA Report.’ The t o t a l  c o s t  f o r  t h o s e  
i tems was scaled a s  sugges t ed  by Peters and TirnmerhausZ4 as; 

Cos t  A = ( capac i ty  A 10.6 . ( c o s t  B) 
c a p a c i t y  B 

T h i s  p rocedure  was used by HSC because d e s i g n  and c o s t i n g  of 
h y d r o g e n a t i o n  was n o t  f u n d e d  by J P L  d u r i n g  t h e  c o u r s e  of t h i s  
c o n t r a c t .  

OTHER DIRECT PLANT INVESTMENT COSTS 

I n s t a l l e d  u t i l i t i e s  were t r e a t e d  a s  a s e p a r a t e  ca tegory .  An 
e s t ima te  was made f o r  i n s t a l l a t i o n  of a s u b s t a t i o n  c a p a b l e  of 
supp ly ing  80 M M  kWh* of e lec t r ica l  power pe r  year .  

I N D I R E C T  PLANT INVESTMENT COSTS 

I n d i r e c t  p l a n t  i n v e s t m e n t  c a s t s  were made on  t h e  b a s i s  of 
f a c t o r s  used by Yaws. 

* MM = 1 , 0 0 0 , 0 0 0  
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SUMMARY OF FIXED CAPITAL PLANT INVES?MENT 

Table  30 is  a summary of t h e  f i x e d  c a p i t a l  p l a n t  i nves tmen t  
r equ i r ed  ($21.92 MM)* f o r  b u i l d i n g  a 1 0 0 0  MT/yr p o l y c r y s t a l l i n e  
si l iccn p lan t .  A l l  f i g u r e s  a r e  i n  1980 d o l l a r s .  

T h e  c o s t s  of t h e  D C S  p r o d u c t i o n / p u r i f  i c a t i o n  e q u i p m e n t ,  
bo ron  r e m o v a l  s y s t e m ,  TCS s t o r a g e ,  a n d  p l a n t  s e r v i c e s  w e r e  
e s t i m a t e d  by s c a l i n g  t o  s i m i l a r  e q u i p n e n t  from t h e  Union Carbide 

Recovery a rea .  was t e  d i s p o s a l  and c o n t r o l ,  f i l a m e n t  p u l l e r s ,  
decomposi t ion  r e a c t o r s ,  and decomposi t ion  r e a c t o r  b u i l d i n g  were 
s c a l e d  f o r  s i ze .  a n d  known c o s t s  of p a s t  H S C  p r o j e c t s  w e r e  used  
t o  c a l c u l a t e  t h e  t o t a l  d i r e c t  p l a n t  inves tment .  

Corpora t ion  F i n a l  Report .  5 

3.9.3.3 Manufactur ing Cost  Es t ima te  

UTILITIES 

Table  3 1  is an i t e m i z a t i o n  of p r o c e s s  u t . i l i t i e s  f o r  s team, 
coo l ing  wa te r ,  and e l e c t r i c  power f o r  t h e  v a r i o u s  u n i t  o p e r a t i o n s  
a s  u n i t s  per  hour and u n i t s  per  kilograrc. 

RAW MATER I AL S 

Raw m a t e r i a l  r e q u i r e m e n t s  and b y - p r o d u c t  (HC1) p r o d u c t i o n  
a r e  shown i n  T a b l e  32. U n i t  p r i c e s  f o r  a l l  i t e m s  a n d  c o s t  
( c r e d i t )  per  kg a r e  a l s o  shown i n  t h e  srmmary. 

LABOR 

Table 33 i s  an i t e m i z a t i o n  of t h e  o p e r a t i o n s  ( d i r e c t  l a b o r )  
f o r  t h e  v a r i o u s  u n i t  o p e r a t i o n s  on a p e r  s h i f t  b a s i s .  D i r e c t  
l a b o r  c o s t  per ki logram is a l s o  shown. 

* MM = 1 , 0 0 0 , 0 0 0  
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TABLE 30 .  H E M L O C K  SEMICOKOUCTOR CORPORATION LOW-COST 
S I L I C O N  PROCESS MANUFACTURING CAPITAL 

1980 D o l l a r s  

1. 

2. 

3. 

4. 

5.  

6. 

7 .  

Direct P l a n t  Investment  ( b a t t e r y  l i m i t )  
a. Major Process Equipment  ( excep t  CVD r x s )  
b. Installation/Instrumenta t i o n / B u i l d i n g s  

( n o t  i n s l u d i n g  t h e  reactor b u i l d i n g )  
(100% CL la . )  

S u b t o t a l  

c. CVD Reactors ( i n s t a l l e d ) / R e a c t o r  B u i l d i n g  
d. Total  Bat tery L i m i t  Inves tment  

Other  Direct P l a n t  Inves tment  Cos t s  
a. Ut i l i t ies ,  i n s t a l l e d  
b. Other  d i r e c t  ( g e n e r a l  o f f i c e s ,  shops  e tc . )  

( 5 5 %  of la . )  

T o t a l  of Direct P l a n t  Inves tment  

I n d i r e c t  P l a n t  Inves tment  C o s t s  
a. Engineering overhead (1 0% of 3.) 
b. Normal cont ingency  (18% o€ 3. )  

Total of I n d i r e c t  P l a n t  Investment  

T o t a l  Direct  t I n d i r e c t  Inves tment  

Overal l  Contingepcy ( 2 0 %  of 5,) 

Fixed Capital P l a n t  Investment  (5 + 6 )  

$2653.1 M 

2653.1 

5306.2 

5401 .O 
10707.2 

2300.0 

1266.3 

14273.2 

1421.3 
2569.2 

3996.5 

18269.7 

36.53.9 

2l523.6 
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TABLE 31 .  1000  MT/Y UTILITIES SUMMARY 

kwh/kg $/unit 
, ( B T U / U  /kwh S/_ka 

1. E lec tr i c i ty  . 036 
CVD r x s  60  .O 
Recovery system 7 .O 
Pumps 0 . 6  
Ref r i g e r a t i o n  0 . 4  

6 8 . 0  
-- 

2.45  

2 .  S t e a d h o t  o i l  126 .7  M 1 . 8 9  .24 

3 .  Cooling water 1 3 3 . 1  M 1 . 5 1  -20  

Dw 
4 .  P r o c e s s  water  2 . 4  q a l .  -567 ,001 

D W  

5 .  Natural  gas 32 .3  BTU 1 . 9 6  .06 

6 . R e f r i g e r a n t  1 . 3 2  M BTU 0.1047 002 
- 

T o t a l  Ut i l i t ies  2 -97 

* M = 1,000 
MI4 = 1,000'000 
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TABLE 32 .  MANUFACTlJRING COST ESTIMATE FOR HSC lOOOT PLANT 
(Manufacturing capital  = $21.92 MM) 

RAW MATERIALS SUMMARY 

1. MG s i l i c o n  

2 .  Copper 

3 .  STC 

4 .  H2 ( f t3 /kg)  

5 .  L i m e  

6 .  HC1 ( c r e d i t )  

U D o l v  S/lb 
2.53 -636 

. 0 53 1 . 2 9  

2 .57  .189 

50 .2  .0075 

1 .50  .021 

1 .00  -140 

1 .00  0 .0034 

T o t a l  Raw Materials 

S/_karrolv 

1 . 6 2  

-068  

. 49 

037 

-032  

0 . 3 4  

2 - 7 8  

MM = 1 , 0 0 0  ,000 
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TABLE 3 3 .  1000 MT, LABOR SUMMARY 

S k i l l e d  labor  @ $9.66/hr 

S e m i s k i l l e d  labor  @ $6.86/hr 

1 1 4  kg/hr; 913 k g / s h i f t  

Uni t  Operation G p e r a t o r s / S h i f t  $/kg S i l i c o n  

DCS product ion 1 . 5  -127 
( i n c l u d e s  hydrog. ,  r e a r r . ,  d i s t i l l a t i o n )  

S il i c o n  product i o n  4 0339 

Recovery System 1 

Thin rod product ion 1 

-085 

.085 

Waste treatment  1 -085 

Total  Labor 

- 
8 . 5  .721 
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MANGFACTURING COST SUMMMY 

The product  c o s t  w i t h o u t  p r o f i t  was de termined  t o  be $15.60 
p e r  k i l o g r a m  ( T a b l e  3 4 ) .  T h e  p r o d u c t  c o s t  r e p r e s e n t s  a l l  c o s t s  
a s s o c i a t e d  w i t h  producing 1 ki logram of p o l y c r y s t a l l i n e  s i l i c o n .  
Added t o  t h i s  c o s t  i s  a n  a c c e p t a b l e  ra te  of r e t u r n  on inves tment .  
A comple te  c o s t  and p r o f i t a b i l i t y  summary is shown i n  Tab le  35. 
A p r o d u c t  p r i c e  of $20.27 p r o v i d e s  a 1 0 %  a f t e r  t a x  r e t u r n  o n  
inves tment  f o r  t h i s  p iocess .  
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TABLE 3 4 .  HEMLOCK SEMICONDUCTOR CORPORATION LOW-COST S I L I C O N  
PROCESS MANUFACTURING COST (1980 Dollars) 

S/kaSi l icon  
1. Direct PlanufactLring Cost 

1.1 R a w  Materials 
1.2 Direct O p e r a t i n g  Labor 
1.3 U t i l i t i e s  
1.4 S u p = r v i s i o n / C l e r i c a l  
1.5 Maintenance and Repa i r  
1.6 O p e r a t i n g  S u p p l i e s  
1.7 Labora to ry  Charge 

2. I n d i r e c t  Manufactur ing Cost 

2.1 D e p r e c i a t i o n  (10% of manf. cap.) 
2.2 Local Taxes (2% of manf. cap.) 
2.3 I n s u r a n c e  (1% of manf. cap.) 

3. P l a n t  Overhead (12.3% of  1 + 2) 

4 . Total  Manufactur ing Cost 

5. Genera l  Expenses 

5.1 A d m i n i s t r a t i o n  (6% of 4 )  
5.2 D i s t r i b u t i o n  and  S a l e s  ( 6 %  of  4) 
5.3 R&D (3% of 4 )  

6. Product  Cost w i t h o u t  P r o f i t  

2 - 7 8  
.72 

2 097 
.18 

2 .oo . 40 
-18 

2.19 
044 
-22 

1.49 

13.57 

.81 

.41 
81 

15.60 
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1. 

2. 

3. 

4.  

5. 

6. 

7. 

TABLE 35. COST AND PROFITABILITY SUMMARY FOR DCS PROCESS 
(19 80 Dollars) 

P rocess  Type CVD Reactors 

P1 a n t  S iz e 1000 Metric Tonnes 

P l a n t  Product  S o l i d  S i l i con  

Product  Form Cz och ral  s k i  or chunk 

P l a n t  Inves tment  $25.21 x l o 6  
F ixed  Capital $21.92 x 10; 
Working Capital  (15%) $3.29 x 1 0  

T o t a l  $25.21 x l o 6  
R e t u r n  on O r i g i n a l  Investment (% R O I  a f t e r  Tax) 

Slllcon (S/ka) 
Sales P r i c e  of . .  

0% R O I  
5% R O I  

10% R O I  
15% R O I  
20% R O I  

15.60 
17.93 
20 -27 
22.60 
24.94 

Fede ra l  t a x  ra te  46% 

1 3 3  



4.0 Conclusions and Recommendations 
Phase 1 and Phase 2 of t h e  Development of a P o l y s i l i c o n  

Process Based on Chemical Vapor Deposition have made considerable 
p r o g r e s s  t o w a r d  d e m o n s t r a t i n g  t h e  f u l l  p o t e n t i a l  o f  
dichlorosi lane a s  a feedstock f o r  a low-cost route t o  high-purity 
polycrys ta l l ine  si l icon. 

T h e  base c a t a l y z e d  r e d i s t r i b u t i o n  of t r i c h l o r o s i l a n e  a t  
moderate temperatures us ing  Dowe@ NWA-1 has proven t o  be a cos t  
e f f e c t i v e  method of manufactur ing d i c h l o r o s i l a n e .  Hazards 
associated w i t h  the production and processing of dichlorosi lane 
were i d e n t i f i e d ,  and p rocess  des ign  c r i t e r i a  were c r i t i c a l l y  
evaluated. Safe operation was demonstrated fo r  a dichlorosi lane 
process demonstration u n i t  w i t h  L.: capacity of 500,000 pounds per 
year. 

High-purity p o l y c r y s t a l l i n e  s i l i c o n  was produced i n  an 
experimental, intermediate and advanced CVD reactor. Data from 
the  intermediate and advanced reactors  confirmed e a r l i e r  r e s u l t s  
o b t a i n e d  i n  t h e  e x p e r i m e n t a l  r e a c t o r .  S o l a r  c e l l s  were  
f a b r i c a t e d  by Westinghouse E l e c t r i c  and Applied S o l a r  Research 
Corporation uhich met or exceeded baseline c e l l  eff ic iencies .  

F e e d s t o c k s  c o n t a i n i n g  t r i c h l o r o s i l a n e  o r  s i l i c o n  
t e t r ach lo r ide  a re  n o t  v iab le  a s  etch promoters t o  reduce s i l i c o n  
d e p o s i t i o n  on b e l l  j a r s .  Nei ther  a r e  they capable  of meeting 
program g o a l s  f o r  t h e  1 0 0 0  MT/yr p lan t .  Post-run H C 1  e t c h  was 
found t o  be a reasonably e f f e c t i v e  method of reducing s i l i c o n  
deposition on b e l l  jars.  

Using d i c h l o r o s i l a n e  a s  feeds tock  met t h e  low-cost  s o l a r  
a r r a y  d e p o s i t i o n  goa l  (2.0 gh-'-cn-i-') , however, conversion 
eff ic iency was approximately 1 0 %  lower than the  targeted value of 
4 0  mole pe rcen t  (32-36% ach ieved) ,  and power consumption was 
approximately 2 0  kWh/kg over t a rge t  a t  the  reactor. 

I f  a l l  program g o a l s  a r e  met, economic a n a l y s i s  i n d i c a t e s  
t h a t  high-purity polycrystal l ine s i l i c o n  w i l l  have an estimated 
product pr ice  of $20.27 per kilogram based on a 1 0  percent re turn 

on investmer.t a f t e r  tax. 
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We recommend t o  J P L  t h a t  f u r t h e r  e f f o r t s  i n  t h e  a r e a s  of 
r e a c t o r  d e s i g n  and o p t i m i z a t i o n  be e s t a b l i s h e d  t o  ach ieve  a l l  
program goals while assuring safe ,  r e l i a b l e  reactor operation. 

5.0 N e w  Technology 
Throughout t h e  d u r a t i o n  of Phase 1 and Phase 2 of Cont rac t  

955533 no new technology has  been repor ted .  P r i o r  t o  t h e  
contract ,  work was comrleted on dichlorosi lane decomsosition in a 
sma l l  exper imenta l  r e a c t o r  a t  Hemlxk Semiconductor. 
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